Study of Radon and its Daughter Concentrations in Buildings and Commonly used Materials using Cr-39 Nuclear Track Detectors by Khan, Abdul Jabbar
STUDY OF RADON AND ITS DAUGHTER 
CONCENTRATIONS IN BUILDINGS AND 
COMMONLY USED MATERIALS USING 
CR-39 NUCLEAR TRACK DETECTORS 
ABSTRACT 
THESIS SUBMITTED IN PARTIAL FULFILMENT OF 
THE REQUIREMENTS FOR THE AWARD OF 
THE DEGREE OF 
Mottox of ^Iiilofl^opI)? 
IN 
PHYSICS 
Abdul Jabbar Khan 
DEPARTMENT OF PHYSICS 
ALIGARH MUSLIM UNIVERSITY 
ALIGARH ( I N D I A ) 
1988 
A_B_S_T_R_A_C_T 
222 
Radon ( Rn) and its decay products are present every-
where in the enviornment. An increase of radioactive gas 
concentra.tion in t\\e indoor atomosphere is one of the important 
problen:S , as human beings spend most of the time indoors and 
222 
receive natural irradiation by breathing the Rn and its 
oecay products in the air. If the radon and its decay products 
are ingested or inhaled, they are deposited in the lungs and 
may be the cause of lung cancer. In last few years solio state 
nuclear track detectors (oSNTD) have been Vv'idely used for the 
detection of alpha particles emitted from airborne nuclides 
resulting from radon and its decay products present in the 
environment. In addition to the simiplicity and the ruggedness 
of these detectors, they can be conveniently used in integra-
ting and passive mode. The cellulose nitrate detectors that 
were used previously for radon monitoring suffered from some 
deficiencies in sensitivity, track fading and optical guality. 
iiecently available CR-39 track etch detector has overcome these 
problems and can be useful tool in environmental radon monitor-
ing. It is suribitive to all alj^ -ha energies em.itted from radon 
and its daughters and also has some unique properties which 
makes it an ideal track c^etector for radon measurements. The 
thesis has been ramified into five chapters. 
11 
In Chapter - I, a general introduction regarding the 
radon ana its daughters is given in which sources of radon 
in^ifie buildings, behaviour of radon daughters in enclosed 
areas, factors influencing radon concentrations, possible 
radiation hazards due to radon aaughters and the radon levels 
in different countries are' discussed. A brief scope of the 
present work is also given. 
In Chapter - II, various measurement technigues used to 
iiiodsure the radon and i i.s, oawgh tens concentration inside the 
buildings are descrioed. These include ionization chamber, 
scintillation detector, seniiconnuctor detectors, thermolumi-
nescent detector and track etch detectors. Different configura-
tions with SOTNITD used for radon monitoring and the detection 
mechanism, of alpha particles by these detectors are discussed. 
The definitions of radon exposures (;;L and WLM) are also 
incorporated in this chapter. 
Chapter - III is totally devoted for solid state nuclear 
track oetectors. The chapter describes the history of track 
etc[i technigue, its applications in different fields of 
science and technology, its merits and demerits over other 
raoidtion detectors and various criterion for track registra-
tion in solias. Further some relevant characteristic features 
of CR-39 nuclear track detectors are presented. In adoition 
to these, the methods of track revealation and visualization 
(manual and automatic) are discussed. In the last, some 
Ill 
environmental effects on track etch detectors are also 
s uir.maris ed. 
In Chapter - IV, the method for the calibration of CR-3d 
detector in B/\RE and CUP with r;.em.brane mode has been described. 
The detectors were exposed to varying concentrations of radon 
inside an exposure chamber in both the modes. The calibration 
factors so obtained from the present experiment are 0.19 tracks, 
-9 -1 -3 -2 -1 
cm .d per (Bq.m ) and 1628.0 tracks.cm .d per wL of 
radon. Thi estimated calibration factor for radon measurements 
using the membrane-cup detector is in good agreement v.'ith those 
reported by other investigators. However, there is no re(..ortec! 
value for the calibration factor for VJL measurements. 
Chapter - V deals with the results and discussion of the 
measurement of concentration of radon and its daughters in 
indoor environment such as in rooms having different environ-
mental conditions, residential and non-residential buildings, 
miultistorey building, various types of rooms in the di'/el lings 
(i.e. bed rooms, bath rooms, drawing rooms, store rooms and 
kitctiensj. The effect of Some factors i.e. ventilation, housed 
materials, different positions of the detector inside a room, 
heiglit from the ground level, sub soil emanation, seasons and 
internal wail coverings on radon and its daughters concentra-
tion is reported. The measurements of the radon exhalation 
rate from some commonly used building materials are also 
presented. The average dose equivalent rate due to radon 
IV 
daughters for the persons living in these dwellings is ob-
tained using an equilibrium factor of 0.45 and an occupancy 
factor of 0.8. Further the measurement of radon content in 
some materials (i.e. tobacco, tea and tooth powder) consumed 
by human beings were made and the results are presented. 
It is concluded from our investigations that the venti-
lation plays an important role in build-up of radon concentra-
tions inside the buildings. Some other factors also affect the 
radon concentration appreciably. The non-residential buildings 
have some higher values of radon activity than the residential 
buildings. The appreciable variation in radon concentration 
with seasons was observed. The radon concentration was found 
to have maximum value in winter months and minimum in summer 
months while the rainy season gives an intermediate value. The 
measurements in different types of rooms show that the radon 
concentration is highest in kitchens and especially in which 
wood and coal are used as a fuel. Whereas the radon content 
was found to be hiaher in bath rooms as compared to others 
which may be due to release of some radon from v;ater used. The 
radon contents in human consumables commonly used were found 
to be less than the prescribed limit of ICRP. 
The data of the above measurements, may be valuable from 
Doth metiiodical and raoiation protection point of view. 
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CHAPTER - I 
I N T R O D U C T I O N 
I N T R O D U C T I O N 
1.1. NATURAL BACKGROUND RADIATION 
Most of the people are unaware of the existence of natural 
background radiations. The sources of natural background ra-
diations affecting the human body are extraterrestrial and 
terrestrial. The extraterrestrial natural radiation originates 
essentially from outer space and are thus called cosmic rays. 
The terrestrial natural radiation comes from the constitutive 
40 P38 
elements of the earth, and is mainly composed of K, U and 
030 
Th decay series. These radiations irradiate the human body 
from outside and constitutes 'External Exposure*. Exposure 
from naturally occuring radionuclides which are taken up into 
the body through normal physiological pathways is called 
'Internal Exposure'. It is estimated that a man has about 5000 
Becquerel (Bq) radioactivity in his body mainly due to K. 
1.1.1. External Exposure 
The external exposure of man coming from the constituents 
of cosmic rays varies slightly with the geometric latitude and 
to a great extent, it increases with the altitude above sea 
level, the dose approximately double for each 1,5 Km above sea 
level for the first several kilometers. At sea level, the 
exposure is 10^ < lower at equator compared to those at middle 
latitudes. 
• 2 • 
The terrestrial irradiation of the natural background 
depends upon the constituents of the soil and rock. For outdoor 
exposures, the average external exposure received by the popula-
tion caused by the terrestrial components is 360 micro sieverts 
(^ iSv) per year. Indoor exposures are generally higher, depend-
ing upon the type of house one lives in e.g. granite houses 
could give an order of magnitude higher exposure. 
1.1.2. Internal Exposure 
Internal exposure results from radionuclides entering the 
body through ingestion or inhalation. These radionuclides are 
either cosmogenic (i.e. produced by the interaction of cosmic 
rays with atoms in the upper atmosphere) or premordial, in the 
sense that they existed in the earth's crust throughout its 
history. Internal exposure from cosmogenic nuclides (such as 
3 7 14 22 H, Be, C, Na) is very small. The major fraction of 
internal dose received by the human being is due to the radio-
222 
active gas radon ( Rn) and its decay products. Other nuclides 
40 220 210 
like K, the decay products of thoron ( Rn) and Po con-
tribute to a lesser extent. The internal exposure due to these 
premordial nuclides is about 1300 \JSM per year. Total annual 
average exposure of man is 2000 |-iSv per year. Details of 
annual exposures of man due to natural sources of radiation are 
presented in Table - 1.1. 
: 3 
Table - 1.1 
Estimated annual exposures of man to natural source of 
radiation in areas of normal background 
S.No. Source 
Annual Exposure in \JSV per year 
External Internal Total 
1 Cosmic rays 
(i) Ionizing component 
(ii) Neutron component 
280 
20 
280 
20 
2 Cosmogenic nuclides 15 15 
3 Primordial nucl ides in 
s o i l s and rocks 
( i ) Potassium-40 
( i i ) Rubidium-87 
( i i i ) Uranium-238 s e r i e s 
( iv) Thorium-232 s e r i e s 
120 
-
90 
140 
180 
06 
950 
190 
300 
06 
1040 
330 
Total exposure 650 1340 2000 
R e f . : UNSCEAR ( 1 9 8 2 ) . 
1.1•3. Exposures Other Than Natural 
In addition to natural background radiation, man is ex-
posed to sources of radiation created by man himself, called 
man-made radiations e.g. X-rays and other types of radiation 
used for medical purposes; fallout from testing of nuclear 
weapons; occupational exposure from nuclear and other indus-
tries using ionizing radiation; and radioactive materials 
released in the course of nuclear power production. The 
contribution of these various sources to the average annual 
dose are presented in Figure 1.1. It is obvious from the 
figure that the contribution due to nuclear discharge is 
negligible (i.e. O.l^i). 
1.2o RADON AND ITS OCCURRENCE 
Nuclides belonging to the three naturally occuring radio-
nuclides series are found throughout in the earth's crust in 
minute amounts. A characteristic common to all three natura-
lly occuring radioactive series is that each has a gaseous 
member, and furthermore that the radioactive gas in each case 
is a different isotope of radon. In the case of uranium series, 
222 the gas, Rn, is called Radon; in the thorium series the gas, 
220 
Rn is called Thoron, while in the actinium series it is 
219 
called Actinon, Rn. The existence of the radioactive gas 
in the three chains is one of the main reasons for the presence 
of natural radioactivity in the environment. Of the three 
• 5 • 
NATURAL 8 7 % 
\ 
\ Internal 17% 
\ 
Gamma \ 
rays 19% \ \ Radon 
ARTIFICIAL 13% 
-Fallout 0-5 % 
-Miscellaneous 0 - 5 % 
-Occupational 0 - 4 % 
-Nuclear discharge 0 - 1 % 
Figure 1.1. The comparision of various components 
of the total radiation exposure of the 
population to U.K. 
6 : 
222 decay chains the most significant is the Rn, because it 
descends from Uranium-238, an element of special interest, 
and because it is the longest lived of three radon isotopes 
219 
and can carry messages over the long distances. Rn is of 
minor importance in the atmosphere because of its short half-
life (3.92s), which strongly limits its diffusion distance, 
but primarily because of its low activity {A,6'/. relative to 
220 
radon). In contrast, Rn and its daughters, when usual 
Th/U ratios of 3 or 4 to 1 are present, contribute a signi-
ficant fraction of decays, with higher ratios, the thorium 
decay chain could be dominant, but the 55.6s half-life of 
220 
Rn allows only a small fraction of that produced in the 
soil to escape into the atmosphere. Because of its rapid 
decay, it is found mainly within the few meters of the earth's 
surface. 
The occurrence of radon in the atmosphere was established 
soon after its discovery in 1900. Yet, its distribution in 
space and time, its physical state and its mode of participa-
tion in the dynamics of the atmosphere is still not entirely 
understood. In many cases, however the isotopes of radon 
furnish a unique set of traces for the study of transport and 
mixing process in the atmosphere. Studies of radon within the 
earth have long been made in the hope of detecting distant 
sources or process of the gas release. Two major geophysical 
and geochemical areas in which such radon signals could be of 
• 7 • 
importance are seismology and uranium or thorium exploration. 
In the former case, it is expected that the build-up of stre-
sses prior to a seismic event can alter the radon concentra-
tion at a position where such premonitory changes can be mea-
sured. In the later case, long-distance transport of radon 
within the earth is sought as a specific indication of where 
drilling might locate subsurface ore. 
222 
Rn is a natural radioactive gas which is produced by 
the decay of radium in the uranium series decay "chain and 
21 R decays by alpha particle emission to a polonium isotope( Po) 
which by further decay through isotopes of lead, bismuth and 
polonium ends the uranium decay chain with stable lead ( Pb), 
but from biomedical point of view, effectively ends with 
210 
Pb, because of its long half-life of about 20 years. The 
Uranium-238 decay sequence is presented in Figure 1.2, other 
physical data on radon are shown in Table - 1.2. 
Radon is a noble gas, hence it is relatively much more 
free to migrate than either its parents or daughters, all of 
which are metals. Radon enters in the atmosphere principally 
by crossing the soil-air interface, but there are secondary 
sources including the oceans, and fluids which leave the earth 
and subsequently come in contact with the atmosphere (Turekian 
et al., 1979). Examples of these secondary contributors are 
ground water, natural gas, geothermal fluids, volcanic gases 
and ventilated air from caves and mines. Combustion of coal 
238u 
a(4.15;4.20) 
0 (0 .10 ,0 .20 ) 
n(2 .3) 
(x[U.12,U.lb) 
a ( ^ - 6 2 , ^ . 6 9 ) 
a( / i .60 ,^ .78) 
a{5./ .9) 
a ( 6 . 0 ) 
n(0 .67 ,0 .73 ,1 .03 ) 
0(1.02,1.51,3-26) 
cx(7.69) 
0(0-02,0.06) 
0(1-16) 
a(5.30) 
Figu re 1 .2 . Uranium-238 dec 
ay s equence . 
Table - lo2 
Properties of Radon 
Property Value 
222 
Volume of 1 Bq of Rn at NT? 
Boiling point 
Melting point 
Vapour pressure at — 144.O^C 
— 126.30c 
-III.30C 
— 99.0°C 
--75oO°C 
— 61.8°C 
Density at 0°C and 760 torr 
Coefficients of solubility at 
atmospheric pressure in water 
at O^C 
10°C 
20°C 
30°C 
37°C 
50°C 
75 °C 
100°C 
1, .6x10"^° m^  
- 6 1 . 8 ° C 
- 7 1 . 0 0 C 
1, 
1, 
5 , 
1, 
5 , 
9. 
0. 
0. 
0. 
0 . 
0. 
0. 
Oc 
0, 
. 3 x 1 0 ^ 
. 3 x 1 0 ^ 
>3xlO-^ 
. 3x10^ 
.3x10"^ 
10^ 
.96 Kg. 
,507 
, 3 4 0 
, 2 5 0 
.195 
.167 
.138 
,114 
.106 
Pa 
Pa 
Pa 
Pa 
Pa 
Pa 
.m-3 
10 
in glycerine 
aniline 
absolute ale 
acetone 
. dUJ-e -
:ohal 
ethyle acetate 
petroleum (liquid 
xylene 
benzene 
toluene 
chloroform 
ether 
hexane 
olive oil 
a..^^ 
paraffin) 
Va 
at 180c 
0.21 
3.80 
6.17 
6.30 
7.35 
9.20 
12.75 
12.82 
13.24 
15,08 
15.08 
16o56 
29o00 
lue 
at 0°C 
-
4.45 
8.28 
7o99 
9.41 
12.60 
-
-
18.40 
20.50 
20.09 
23.40 
-
R e f . : UNSCEAR ( 1 9 8 2 ) 
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Table - 1.6 
Concentrations of Ra, Th in Various Building Materials 
M a t e r i a l 
G r a n i t e 
Lime Stone 
Baux i t e 
Fly Ash 
Gypsum 
Clays 
Sands 
Red mud 
Blue d u s t 
OPC Cement 
PSC Cement 
PPC Cement 
No, of 
samples 
4 
12 
14 
13 
12 
17 
16 
4 
4 
18 
7 
15 
Bq.Kg" 
(min - max, 
226„ Ra 
3 .7 - 77 .7 
(32) 
0 - 25 .9 
( 8 . 6 ) 
3 .7 - 100 
(44) 
7o4 - 670 
(154) 
7 .4 - 807 
(361) 
7o4 - 1621 
(723) 
0 - 5047 
(1850) 
1 1 . 1 - 66o6 
(39) 
0 - 7 .4 
( 6 . 1 ) 
16.5 - 352 
(39) 
37o0 - 163 
(78) 
15o0 - 377 
(141) 
-1 
. ave rage) 
2 3 2 , , 
107 .3 - 240.5 
(124) 
0 - 33 .3 
(6 .3 ) 
18.6 - 148 
(69) 
29 .6 - 159 .1 
(105) 
0 - 152 
(49) 
3o7 - 311 
(102) 
3.7 - 2971 
(1242) 
7 4 . 0 - 193 
(130) 
0 - 3 .7 
( 3 . 1 ) 
16o5 - 33 .3 
(27) 
2 5 , 9 - 78 
(33) 
14 ,8 - 52 
(37) 
* Ref.: Menon et al. (1987) Bull, of Rad, Prot. 10, 45. 
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oofs 
case yielding materials with average Ra concentrations of 
about 280 Bq.Kg" . A possibility with potentially wider 
implications is the use of wastes from processing sedimentary 
phosphate ore, which contains substantial concentrations of 
the U series. One such by-product, phosphogypsum, may be 
used for building materials such as wall-board, particularly 
in countries with little natural gypsum, and may have Ra 
concentrations as high as 600 Bq.Kg" (^ EA, 1979). Another 
by-product, phosphate slag, incorporated into concrete with 
Ra concentration of about 740 Bq.Kg" was used in an 
estimated 74,000 homes in U.S. (Kahn et al., 1979). A final 
example of potential importance is the deposition of fly-ash 
from coal-burning power plants by incorporating it into 
concrete, since fly-ash contains Ra at concentrations rang-
ing upto several hundred Bq.Kg""'" (UNSCEAR, 1982j Stranden, 
1982), some increase in the Ra content must be expected 
for concretes containing a few per cent fly-ash by weight. 
1.4.1.2. Radon emanation 
The effective generation rate of radon in building 
materials depends on the Ra content, which varies widely 
as discussed above, and on the percentage of radon formed 
that does not remain lodged in the matrix of the material. 
Radon which is not fixed in place may move through the matrix 
by diffusion or, if large air spaces exist in the material,, 
: 23 : 
by convection. Diffusive movement depends on the diffusion 
length of the material in quistion and on the materials thick-
ness. The extent to which other transport processes occur 
depends not only on the materials characteristics, but also 
on environmental conditions, i.e. pressure, temperature and 
moisture content. It is cited (UNSCEAR, 1977) that ly. of the 
222 
Rn generated from materials in walls and ceilings escapes 
into the adjacent airspace. However, recent measurements have 
indicated that a considerably higher fraction can escape. 
Stranden and Berteig (1980) observed escape-to-product ratios 
upto 20J< for concrete, Ingersoll (1983) cites escape-to-produc-
tion ratios of 8-25;^  for the ordinary concrete samples. Thus 
the observation that escape-to-production ratios for ordinary 
materials are typically in the range 1-10/. (UNSCEAR, 1982) 
does not apply to the important case of concrete. The corres-
ponding radon emanation rates were found to be (0.3-1.2)xlO 
Bq.Kg.s~ , which are in reasonable agreement with other re-
sults for ordinary concrete (Jonassen and McLaughlin, 1978; 
Stranden and Berteig, 1980). In contrast, the emanation rate 
for a sample of Swedish alum-shale aerated concrete was found 
—5 —1 —1 to be much higher, 44x10 Bq.Kg .s (Jonassen, 1975). Two 
studies of radon emanation from concrete containing fly-ash 
indicate that its radiological impact may be small: Stranden 
(1982) found the radon emanation rate from fly-ash concrete 
to be significantly lower than from otherwise identical 
24 : 
concretes without fly-ash; on the other hand, Smith et al. 
-5 -1 -1 (1978) found an average emanation rate of 0.41x10 Bq.Kg .s 
for 20 sample of fly-ash concrete, 39>< higher than that for 
control samples, but still at the low end of the range of ema-
nation rates for ordinary U.S. concretes (Ingersoll, 1983). 
Because of their low emanation ratios, emanation rates for brick 
are generally less than for ordinary concrete. 
Radon emanation from components of building materials has 
been examined to some extent. Table - 1.7 gives a few results 
for special materials in different countries. As the case for 
brick, cement and fly-ash often exhibit very low emanation 
ratios. Differing moisture contents may also account in part 
for the wide disparity in results from emanation measurements 
from different countries, e.g., the relatively low average 
concrete emanation ratio from the U.S.S.R. as compared with 
other countries, as seen in Table - 1.7. These differences may 
also be due to differences in the microscopic structure of the 
materials studied. 
In some cases, the radon source strength from building 
materials is given in terms of the exhalation rate (or flux) 
from the surface of the material, or even in flux per unit 
activity concentration. The flux depends on the macroscopic 
configuration of the material, but can be estimated from the 
emanation rate (given per unit mass) with knowledge of the 
material density and thickness, if the material is relatively 
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t h i c k , the d i f fus ion length i s a l so requ i red for accurate 
222 
e s t ima t ion . The Rn f lux from walls of ordinary concrete 
-2 -1 was measured to be 0.0046 Bq.m .s for a wal l 0.2 m th ick 
(Stranden and Ber t e ig , 1980) and 0.0008 Bgom'^.s" for a 0.3 m 
th ick wall (Jonassen and McLaughlin, 1978), The U.S. data in 
Table - 1.7 imply tha t f lux from 0.2 m th ickness in the range 
-1 - 1 0.0007 - 0.0021 Bq.m .s , assuming a d i f fus ion length of 
0.13 m. Flux measurements i n t o paved basement in the U.S. gave 
-2 -1 
a range of 0.0009 - 0.0067 Bq.m .s , with a mean of 0.0028 
—2 —1 Bq.m .s (George and B r e s l i n , 1978), suggest ing the poss ib i l i t y 
of t ransmiss ion of radon from s o i l . 
The flux can be compared r e l a t i v e l y d i r e c t l y with the 
radon ent ry r a t e observed for a given indoor space. Flux i s 
a lso the n a t u r a l measure of radon emanating from s o i l , which is 
the major source of indoor radon in many c a s e s . As in the case 
of s o i l , the flux of radon from bui lding mate r i a l s can vary 
cons iderab ly , not only with moisture con ten t , but a lso with 
environmental parameters such as pressure and temperature, s ince 
these can d i r e c t l y a f fec t the t r a n s p o r t of radon. 
1 .4 .2 . S o i l and Rock 
Soil and rock have concentrations of elements in the U 
232 
and Th decay series that vary over at least as great a range 
as the values in the building materials derived from them. In 
addition to the variation in the concentrations of the precursors 
: 27 
of radon, the emanating fraction and transport related para-
meters vary both with mechanical composition of the material 
and with environmental conditions, especially moisture contents. 
Thus to the extent that these source materials contribute to 
indoor radon, potential entry rates can be expected to vary 
over a wide range. 
Average concentrations in soil of elements of the U 
232 -1 
and Th series are approximately 25 Bq.Kg with some typical 
ranges to be 10-50 and 7-50 Bq.Kg"''" respectively (UNBCEAR,1982), 
this contrast with a less authoritative report citing a radium 
content of 0.7-66 Bq.Kg" (Rao and Shah, 1980). Analysis of 
Ra and Th concentrations in approximately 330 samples 
collected from 33 states in the U.S. showed ranges of 8.5-160 
and 3.7-130 Bq.Kg" respectively, with corresponding arithmetic 
mean values of 41 and 37 Bq.Kg" (Myrick et al., 1983). Esti-
232 238 
mation of Th and U concentrations in soil samples collec-
ted from 33 different places in India showed ranges of 3.5 -
24.7 Bq.Kg" and 2.4 to 26.2 Bq.Kg" respectively, gives the 
corresponding country wide average values of 18,3 and 15.2 
Bq.Kg " (Mishra and Sadasivan, 1971). For estimating country 
wide average concentrations, the places from known uniferous 
and thoriferous areas like Jaduguda, Thiruvalla, Thumba and 
Trivendrum have not been taken into account. Isolated reports 
of other measurements also indicate a range of 1-2 orders of 
magnitude for ordinary soils. For example, Pensko et al.(1978) 
28 : 
found a range of Ra concentrations of 4-20 Bq.Kg" for five 
samples near Warsaw, ninteen measurements reported a minimum 
range of 8-85 Bq.Kg""^ (Barretto et al., 1972). 
Values much higher than the ranges indicated above are 
associated with soils near uranium raining areas and mill tail-
ings piles. Power et al. (1978) found a range of 15-1700 Bq.Kg"''' 
for 28 samples collected near uranium mining and milling areas 
oofs 
in Wyoming, New Mexico and South Dakota. The Ra concentra-
tion reported for Jaduguda, Bihar, India, an area with known 
deposits of uniferous minerals, vary from 42-206 Bq.Kg"" (lynger 
and Markose, 1970). Kalin and Sharma (1981) measured Ra 
concentrations in 63 samples from Canada collected at the sur-
face and at a depth of 20-25 cm at two mill tailing piles and 
found a mean of 1760 Bq.Kg" . Analysis of samples from two 
Australian tailings piles showed the Ra concentrations of 
11,000 and 2,00,000 Bq.Kg""^ (Strong et al., 1981). 
The range of values for rocks is expected to be similar to 
that for soils, with typical activity concentrations ranging 
from 0.4-60 Bq.Kg" for ^^ U series elements (UNSCEAR, 1977). 
Another investigator reported a minimum range of 6-740 Bq.Kg" 
for the 50 samples (Barretto et al., 1972). 
Measurements of radon emanation rates or ratios for soil 
and rock was performed both for uranium exploration and for the 
222 
use of Rn as an atmospheric tracer. Pearson and Jones(1966) 
measured radon emanation rates from 70 dried soil samples, 
2Q : 
_5 
mostly from I l l i n o i s , U.S.A. and found a mean value of 4.4x10 
Bq.Kg" . s ~ with a range of (1 .3 -6 .2 )x lO Bq.Kg .s . Some 
other workers (Bar re t to e t a l . , 1972) r epor t ed both emanation 
r a t e s and emanation r a t i o in about f i f t y rock and ninteen s o i l 
samples y i e lded emanation r a t e s in the ranges of less than 
Oo05xlO~^ to 8x10"^ Bq.Kg'-'-.s"'-'- and (Oo3-9.2)xlO"^ Bq.Kg~-'-.s~^, 
r e s p e c t i v e l y . Corresponding ranges of emanation r a t i o s were 
1-26/ for rock and lO-bbyi for s o i l . Measurements of f ive samples 
of sandy s o i l by Pensko e t a l . (1978) y ie lded emanation r a t i o s 
in the range of 12-50/ . 
In some cases measurements of radon emanation rates have 
been performed on soil near or under buildings in which indoor 
radon was being investigated. As an examples, emanation rates 
of 2.2xlO~ Bq.Kg .s" was found as the average for two soil 
samples each from Maryland and California, each pair, having 
oofs ~ 1 
average Ra concentrations of approximately 40 Bq.Kg" was 
found in soils adjacent to a roughly 25/ (Ingersoll, 1983). A 
00 fi — 1 
mean Ra concentration of 37 Bq.Kg" was found in soils 
adjacent to 19 houses in New York and New Jersey, with all but 
one value in the range 30-41 Bq.Kg" (Ingersoll, 1983). Ema-
nation characteristics were not measured in this study, but 
fluxes into basements were, as mentioned above. Soil analysis 
for samples collected at two solar-heated apartment buildings 
in New England showed Ra concentrations of 32 and 78 Bq.Kg" 
(George et al., 1983). Soil samples collected in the crawl 
30 
space of eight houses in Northern California and near Portland, 
Oregon, had radon emanation rates in the range (1.2-1.8)xl0 
Bq.Kg" .s~ (Nazaroff and Doyle, 1983), Soil adjacent to an 
extensively studied house hear Chicago was found to have 70 
Bq.Kg" of Ra and emanation fraction of Al'/, (Nazaroff et al., 
1984) . 
The emanation ratio of soils has been observed to vary 
with moisture content. The radon emanation is more from moist 
or saturated soil than the dry soil, because water will in-
crease the probability that radon atoms will stop in pore 
spaces. Strong and Levins (1982) found the ratio of sturated 
222 to dry emanation ratios to be 3.9+0.6 for Rn released from 
eight samples of uranium ore and mill tailings. 
Flux from the soil surface, combining emanation rate and 
diffusive transport properties, is a practical indicator of 
222 222 
soil as a Rn source. The world-wide average flux of Rn 
-2 -1 from dry land has been estimated to be 0.016 Bq.m .s , with a 
-2 -1 
range of 0.0002-0.053 Bq.m .s , the lowest values having been 
measured over lava (Wilkening et al., 1972). Some measurements 
222 
of Rn flux have been performed in connection with studies 
of radon indoors, the flux in the unpaved crawl space of a 
-2 -1 house with high indoor concentrations was found 0.27 Bq.m .s 
(Rundo et al., 1979). 
31 
1.4.3. Potable Water 
222 The predominant source of Rn in houses generally 
appears to be the soil adjacent to the foundations. The 
building materials also contribute significantly to indoor 
radon concentrations, and either may be the dominant source 
in some cases. Beside these two major sources, potable water 
also contributes significantly towards the indoor radon con-
centrations. High radon concentrations in potable water were 
first appeared in Maine, U.S.A. in the late 1950s (Smith et al., 
1961). Initially, concern about radiation hygierie as a conse-
222 quence of these observations focused on ingestion of Rn-rich 
water, and researchers identified the stomach as the organ 
receiving the greatest dose (Suomela and Kahlos, 1972). Later, 
Gesell and Prichard (1975) speculated that the inhalation 
222 222 
exposure to Rn progeny arising from the release of Rn 
from domestic water uses may be of greater significance than 
the ingestion exposure. More recent studies, comparing the 
222 
expected lung and stomach dose resulting from Rn-rich water, 
have concluded that the former is three to twelve times than 
the later (Kahlos and Asikainen, 1980; Prichard and Gesell, 
1981). 
Several investigations in the past decade have addressed 
222 
to aspects of potable water as a source of airborne Rn 
indoors. Key efforts in the United States include these: the 
222 development of an inexpensive technique for measuring Rn in 
: 32 : 
water (Prechard and Gesell, 1977); studies of the transfer of 
Rn from water to air during different household uses 
(Gesell and Prichard, 1980; Partridge et al., 1979; Hess et al., 
222 1982); estimation of the population dose resulting from Rn 
in potable water supplies in Houston, TX(Prechard and Gesell, 
222 1981); and surveys of Rn concentrations in ground water 
supplies (Prechard and Gesell, 1983; Horton, 1983; Horton,1985). 
In addition, numerous investigations have been conducted in 
222 
Finland, where ground water Rn concentrations are particu-
larly high (Asikainen and Kahlos, 1979; Asikainen and Kahlos, 
1980; Kahlos and Asikainen, 1980). 
Nazaroff et al. (1987) using a long-term-average, single-
cell model and available data for U.S. housing, the concentra-
222 tion of Rn in indoor air due to the use of potable water is 
assessed. Surface waters, which serve 49.5;^ of the U.S. popu-
lation, have the lowest concentrations. Private wells, serving 
18.3>< of the population, generally have the highest concentra-
tions, whereas public ground water supplies, which serve the 
remaining 32.2;^ have intermediate concentrations. It was 
concluded that the surface supplies of potable water do not 
222 
contribute significantly to indoor Rn concentrations. 
Ground water supplies, which serve about 'oO/. of the population, 
can in some circumstances constitute the predominant source. 
Public supplies derived from ground water and serving 1000 or 
more persons have been estimated to contribute O.Syi to the 
33 : 
overall mean indoor concentration for all housing, or an 
222 
average of 2'/. to the mean indoor Rn concentration m houses 
using these sources. Private ground water supplies appear to 
constitute a somewhat greater source. 
1.5 RELEASE OF RADON FROM MEDIA 
The predecessors of the radon isotopes and their successors 
are chemically reactive elements: they are trapped within media 
and may be removed only by processes such as leaching by ground 
water. Radon, being inert except under exotic circumstances, 
is able to diffuse readily through structures provided they are 
fairly open at the molecular level. Most of the source materials 
of interest are composed of more or less porous agglomerations 
of solid mineral particles and it is thus useful to distinguish 
two stages in the escape of radon to the atmosphere, firstly 
escape from individual grains to the air-filled pores and 
secondly the transport through these pores to the atmosphere. 
Diffusion of atoms of the element radon through the solid 
mineral grains is relatively slow; the short half-life means 
that only a small fraction of them escapes before decaying. A 
much more significant mechanism for release is thought to be 
the recoil of the radon atoms on the decay of their parents; if 
close to the surface of individual grains they may be ejected 
into the pores between the grains. Since the recoil energy of 
radon and thoron are very similar and the concentration of their 
34 
parents generally so, the rate of injection of atoms into the 
soil pores is expected to be similar. The fraction of radon 
formed in the solid materials which escapes into the pores is 
known as the emanation coefficient. For common building 
materials it is generally a few per cent (although much lower 
for red brick). Higher values-several tens of per cent have 
been reported for soils. 
To escape to the free atmosphere the radon gas must diffuse 
through the pores of the material, and a fraction will reach 
the surface before decaying. The diffusion path is tortuous 
and, of course, some radon atoms will be ejected into closed 
pores from which they can not escape. The process is described 
mathematically by the definition of an effective diffusion co-
efficient which includes allowance for the convoluted path; 
standard diffusion theory then leads to the conclusion that the 
surface activity flux FQ* for unit parent activity per unit 
mass in an infinetly thick slab is -
Fo = ^?<<^)^^^ ... (lol) 
where ^ is the bulk density, X the radioactive decay constant, 
D the effective diffusion coefficient, S is the connected poro-
sity and ^ the emanation coefficient. 
1.6 RADON DAUGHTER PRODUCTION AND I NTT FRACTION 
It is known that radon gas itself is neither of great 
35 
significance in radiological protection terms, nor it presents 
a problem in monitoring for actinides in air. The decay pro-
ducts of radon are extremely active which present the potential 
hazard and nuisance. 
pig 
1.6.1. Formation of Radium A ( Pp) Disintegration of 
Radon 
Radon gas is an alpha emitter and considerable recoil 
energy (about 90 keV) is possessed by the Po ion, generally 
considered to be positively charged, giving it a range in air 
of about 150 |im. These ions rapidly become attached to mole-
cules of oxygen, water or carbon dioxide and form charged com-
plexes. The lifetime of the charge before neutralisation 
depends upon the concentration and mobility of atmospheric 
negative ions. In the open air at sea level, where the con-
centration of these is of the order of 100 cm , the half-life 
of the charge on the complex is perhaps tens of minutes while 
in mines it may be only a few seconds. In buildings the con-
ditions are likely to be intermediate. The complex is free to 
diffuse through a still atmosphere with a coefficient measured 
2 -1 
as about 0o05 cm ,s , less than anticipated for a free ion but 
consistent with it being a small cluster of molecules. Some 
workers (Jonassen and McLauglin, 1976; Porstendorfer and Mercer, 
1979; Raabe, 1968) have observed a dependence of this diffusion 
coefficient on relative humidity, for example, Raabe (1968) 
36 
2 - 1 2 - 1 
found a decrease from 0.047 cm ,s to 0.034 cm .s for a 
change in dew point from -4°C to 9°C presumably due to addi-
tional attachment of water molecules. However, Kotrappa et al. 
(1976) found no significant effect of water vapour on the 
diffusion coefficient of thoron decay products in an aerosol-
free experimental chamber with 90 air changes per hour. 
Whatever the details of the production mechanism and the 
physical state of the RaA ion there is a finite probability 
that it will become attached to either an aerosol particle or 
to a fixed surface before radioactive decay. 
1.6.2. Attachment to Aerosol Particles 
218 At the time of formation of the first daughter, Po is 
an unattached, predominantly (more than 90?^ ) positive small ion 
or neutral atom (size of the order of 10 p,m) . Some ions may 
be attached to molecules of water vapour and other gases. 
After a time of the order of 10-lOOs the daughters will attach 
to an aerosol particle (normal size in the range 10 -1 jam). 
In the subsequent alpha decays the radioactive atom or ion may 
again become unattached because of the recoil energy at decay. 
For instance, the recoil energy at the decay of Po (117 keV) 
214 is transferred to its daughter Pb. Lead-214 will desorb, 
and appear as an unattached ion or neutral atom for a short 
time after its formation, but then become attached. This recoil 
effect has been found to apply to about 80j^  of the decays of 
"^"•^ Po (Mercer, 1976). 
The attachment of radon daughters to aerosols depends on 
the diffusion coefficient of free ions and atoms and on the 
concentration and particle size distribution of the aerosol. 
The attached and the unattached fractions of radon daughters, 
therefore, depend on the activity median aerodynamic diameter 
(AMAD) and the concentration of aerosol particles in the dwell-^ 
ing (Subba Ramu et al., 1988)o The radioactive aerosol itself 
deposits by sedimentation and diffusion, therefore, in a living 
room no radioactive equilibrium exists between the emanations 
and their decay products. The attachment rate X of particles 
depends on the attachment coefficient p(d) and the aerosol 
concentration (Porstendorfer, 1968), i.e. 
X = p(d) Z(d) ..o (1,2) 
where d is the particle diameter. For polydisperse. atmospheric 
aerosol with a size distribution 
Z(d) = ^ ^ d ... (1,3) 
the attachment rate can be written 
X = /~ Z(d) P(d) bd ... (1.4) 
o 
A value of X for particle concentrations in the range 2-20x10 
o _Q _ 1 9IR 
per cm was 2.4x10 sec for Po ions (Porstendorfer,1969). 
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As mentioned above, the radon daughters get rapidly 
attached to the aerosols of the predominant size (Figure 1.4). 
A fraction of the daughters, however, remains unattached. This 
fraction is essentially RaA. The unattached fraction is 
obtained from the relationship: 
^A " >.^  + X •** ^-^"^^ 
where, f. = unattached fraction of RaA, 
^. = radioactive decay constant of RaA (min"" ), 
X = attachment coefficient (min" ). 
Subba Ramu et al. (1988) has been found a value of 0.23 for 
unattached fractions using X = 0.75 min" for AMAD = 0.1 \xm. 
1.6.3. Attachment to Surfaces 
The phenomenon of plate out of radon daughters has been 
known since the early days of radioactivity, it was the 
'induced activity' observed by Rutherford in original experi-
ments . 
The mechanism of plate out is well understood now (Holub 
et al., 1979; George et al., 1983). The turbulent movement of 
air brings molecular clusters and particles close to surfaces. 
They may then be transported across the boundary layer of stag-
nant air by a number of mechanisms such as diffusion, gravita-
tional settling and projection by turbulent eddies. For 
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is also reported to be a small contributor (Harley, 1975). 
Living plants may transfer some radon to the atmosphere by 
evapotranspiration (Pearson, 1967) but this has not been 
confirmed (Mattsson, 1970). 
Radon concentration in the atmosphere depends upon the 
concentration of uranium in the ground which varies with the 
types of rock and minerals. It is reported (Thompkins, 1973; 
Landstrom, 1978) that the igneous and metamorphic rocks have 
a higher concentration of uranium than sedimentary rocks. The 
earth's crust is composed of 95'/. igneous and by. sedimentary 
rocks. Table- 1.3 shows some typical values of U concen-
tration in rocks. The total amount of uranium in the outer 
4 
10 Km of the earth's crust is about 1.3x10 tons, correspond-
ing to about 1.7x10^^ Bq of ^^^U(Thompkins, 1973). Ground 
water such as from wells and springs can also contain very 
high concentrations and can affect the distribution of radon 
in its vicinity. Normal uranium concentrations in sea water 
_3 
are 20-50 kBq.m . A review of environmental radon gives a 
2 -3 probable average of 2.6x10 Bq.m for surface concentration 
-1 -3 
over the continents and about 1.9x10 Bqom over the oceans 
(Harley, 1975) • The average radon concentration in water 
4 -3 
supplies is estimated to be about 3.7x10 Bqom (Prichard 
and Gessell, 1981). 
Radium in soil is the main source of radon present in 
global atmosphere. The radium concentration of soil varies 
: 12 
Table - 1.3 
Typical Activity concentration of U in Common Rocks 
Typical activity 
S.No. • Type of rock concentration 
. , (Bq^Kq"^) 
1. Igneous 
(i) Acidic (granite) 59 
(ii) Intermediate (diorite) 23 
(iii) Mafic (basalt) 11 
(iv) Ultrabasic (durite) 0.37 
Sedimentary 
(i) Limestone 28 
(ii) Carbonate , 27 
(iii) Sandstone 19 
(iv) Shale 44 
* Ref. : UNSCEAR (1982) 
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from one place to another in the range of 10-100 Bq.Kg"" . In 
Table - 1.4 some published values of radon emanation rates 
from soil are given. The estimated area-weighted average 
radon emanation rate from soil, excluding Antarctic and 
-2 -1 Greenland ice cap, is 16 mBq.m .s corresponding to a total 
emanation of LgxlO"""^ Bq.s"-^ (Wilkening et al., 1972). The 
values reported in Table - 1.4 have a log-normal distribution 
and the geometric mean is about 1.5 which is lower than the 
arithmetic mean. Other estimates of world-wide average soil 
—2 -1 
radon emanation rates reported are 15 mBq.m .s . (Israel, 
1962), 19 mBq.m'^ .s"-*- (Birot, 1971) and 0.2-70 mBq-m'^ .s""'' 
(Wilkening et al., 1972; George, 1980). The total radon 
19 -1 
emanation rate would be 5-10x10 Bq.a corresponding to a 
1 8 
total equilibrium activity of the order of 10 Bq. If this 
radon is assumed to be equally distributed in the atmosphere 
above land upto an altitude of 1-3 Km, the radon concentration 
-3 
would be 2-7 Bq.m . However, some part is dispersed over 
the oceans resulting in lower values over land. This esti-
mated value is in the range of measured values presented in 
Table - 1.5. Other sources of radon in atmosphere are plants 
and ground water, natural gas and coal. Radon from houses 
may contribute with about 10 Bq.a" . The total annual 
radon release from uranium mines, mills and uncovered tailings 
14 -1 
is of the order of 10 Bq.a . These concentrations them-
selves are not particularly hazardous. The problem arises, 
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Table - 1.4 
Values of Radon Emanation Rates in Soil 
S.No. Location 
Radon 
Soil group emanation rates 
(mBq»m"^.s"i) 
1 Austria 
(i) Graz 
(ii) Innsbruck 
(iii) Innsbruck 
2 France 
Salclay 
3 F.R.G. 
Aachen 
Mountain 
Mountain 
Mountain 
20, 9 
8.6 
19.0 
Podsolic 
Podsolic 
15, 14 
17 
4 Ireland 
Dublin Podsolic 27 
5 Japan 
Osaka 
6 Philippines 
Manila 
Latosolic 
Latosolic 
3.4, 8.8 
11 
7 United States 
(i) Socorro, New Mexico 
(ii) Socorro, New Mexico 
(iii) Yucca Flat, Nevada 
(iv) Lincoln, Massachusetts 
(v) Champaign County, 
Illinois 
(vi) Argonne, Illinois 
8 U.S.S.R. 
( i ) K i r o v 
( i i ) Moscow 
Desertic 
Desertic 
Desertic 
Podsolic 
Chernozemic 
Chernozemic 
Podsolic 
Podsolic 
34 + 
38 + 
18 
50 
53 
21 + 
15 
3.8 
3.4 
11 
1.9 
R e f , : UN5CEAR ( 1 9 8 2 ) . 
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Table - 1.5 
Radon Concentrations in Outdoor Air 
S .No. Location 
Mean Value of 
Rn (Bq.m ) 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
Austria 
Bolivic 
Finlanc 
France 
F.R.Go 
India 
Japan 
Peru 
i 
1 
1 
Philippines 
Poland 
S ov i e t 
United 
United 
(i) 
(ii) 
(iii) 
(iv) 
(v) 
(vi) 
(vii) 
(viii) 
(ix) 
Union 
Kingdom 
States 
Chicago 
Washington 
San Diego 
San Francisco 
Seattle 
Memphis 
New York City 
Chester, N.J. 
Cincinnati 
7.0 
1.5 
3oO 
9o3 
2.6 
3.7 
2.1 
lo5 
0.3 
3.3 
3.6 
3.3 
1.6, 1.5 
2c9 
0.1 
0.6 
Ool 
1.0 
4.8, 3.7 
7.9 
9.6 
Contd 
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Contd (Table - 1.5) 
(x) New Mexico 8.9 
(xi) Puerto Rico 5x10""^ 
(xii) Alaska 0.2 
14 North Africa 0.5 
15 Norwegian Sea' 0.2 
16 Pacific Islands 
(i) Hawaii 0,2, Oo05 
(ii) Marshall Islands 0.02 
(iii) Caroline Island 0.02 
(iv) Mariannas (Guam) 0.05 
(v) Samoa 0.08 
17 Indian Ocean 0.07 
18 North Atlantic 6.02 
19 South Pacific 0.07 
Ref,: UNSCEAR (1982). 
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when the emanating radon is trapped in some enclosures like 
mines, caves, cellars, houses, offices or other places. The 
concentrations of radon in an enclosure may build up to as 
3 —3 high as 7.8x10 Bq.m (Hess et al., 1983). This problem of 
indoor radon concentration has assumed significance in recent 
year by the increasing tren^ of home and offices being air-
conditioned, and made more energy-efficient by reducing the 
ventilation rate. 
1.3. INDOOR RADON AND ITS DAUGHTERS 
Radon-222 is the immediate daughter of Ra and is con-
tinuously produced whereevet Ra exists. Uranium-238 is 
present in the earth's crust typically in concentrations of 
2-4 parts per million (ppm) (Evans, 1969) and in consequence 
is found in all locations in the soil and rock. Building 
materials derived from soil and rock also have subsequent 
amount of radium and acts as the source of indoor radon. Clay 
bricks contain typically 1.4 ppm of radium whereas granite 
bricks have an elevated concentration of 2.4 ppm (Hamilton, 
1971). Radon being a noble gas, diffuses from the room 
surface materials and from the subsoil below the building into 
room air, where it and its daughters are available for inhala-
tion by the room occupants. Figure 1.3 shows how radon enters 
a building through cracks ojr openings in walls or floors in 
contact with soil. 
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Radon enters into buildings from several major sources, 
principally building materials and the soil or rock that 
underlie or surrounding building foundations, in some circums-
tances radon can also enter via water supplies and natural 
gas at substantial rates. In many cases, such as single-family 
residences in U.S., the underlying natural materials appear 
to constitute the principal source of radon. In larger 
structures, the building materials may contribute a greater 
share of the source strength, but the absolute contribution 
is usually small for most materials. However, certain 
materials have been found to constitute unusually large sources 
of radon and even of gamma radiation, a noble example being the 
alum-shale concrete present in IQ^ of Swedish houses. The 
build-up of radon concentrations indoors requires attention 
to the rate at which radon is generated in source materials, 
to the modes of radon transport through various materials, and 
finally to the manner in which radon actually enters into the 
indoor atmosphere. 
1.4. SOURCES OF RADON IN DWELLINGS 
1.4.1. Building Materials 
l,4ol.lo Radionuclide content 
Building materials are more easily characterised as radon 
sources than are the soil or rock that constitute the building 
: 20 : 
site. Surveys of the radionuclide content of building ma-
terials in Europe shows that the average values for the 
concrete samples group examined ranged from 33 to 74 Bq.Kg~ 
for ^^^Ra, 29.6-85 Bq.Kg""*- for "^^ T^h and 333-703 Bq.Kg'"^  for 
40 
K. The range for cement is similar, but that for brick is 
about 50 per cent higher, and that for plaster was lower by 
about a factor of five (UNSCEAR, 1977). The U.S. concretes 
have yielded sample averages ranging from 9-44 Bq.Kg"" , with 
values for bricks and tiles somewhat higher (Eichholz et al., 
1978| Kahn et al., 1983). The recent Indian data for building 
materials are presented in Table -1.6 show some higher value 
030 226 40 
of Th, Ra and K concentration than the data from U.S. 
and Europe (Menon et al., 1987). 
Published data (Sorantin and Steger, 1984) show that in 
Europe the activity concentrations of natural radionuclides 
in natural products like sand, gravel, marble etc. are, with 
the exceptions of granites and Italian tuffs, lower than those 
found in manufactured building materials. The most significant 
example in this class is the use of alum-shale in Swedish 
aerated concretes during the period 1930-1975, resulting in 
concentrations averaging to 1300 Bq.Kg" (Swedjemark,1980). 
Building materials incorporating residues from industrial 
226 processes may also have higher Ra contents (NEA, 1979). 
The use of red mud (from bauxite processing) for bricks and 
blast furnace slag for blocks in FRG is an example, in each 
: 40 : 
molecular clusters the corresponding deposition velocity is of 
the order of centimeters per second in typical circumstances. 
The deposition of attached daughters to surfaces is determined 
by the diffusion of their carrier aerosols and by the quotient 
between the surface area S and the volume V of the room with 
aerosols. The deposition rate >yj is estimated by the 
expression 
where V^ is the deposition velocity (m.s" ). The value of V 
for the attached daughters depends on the size distribution of 
the carrier aerosols and is normally within the range of 10 
-4 -1 to 10 m.s , For unattached daughters the value of V„ is g 
in the range of 10"^ to lO"^ m.s"-"" (Jacobi, 1972; Ahmad, 1979). 
Radon daughter plate out has been the subject of two 
studies in mines (Shreve and Cleveland, 1972; Wrenn et al., 
1969) where it was thought that the reduction in airborne 
activity found, when an air mixing fan was used, was the result 
of increased plate out on mine surfaces, caused by the increased 
turbulence. Holub et al. (1979), after examination of the 
effects of a fan under experimental conditions, have concluded 
that this is not the explanation. Using an experimental 
chamber with dimensions about 1 meter they found the rate of 
plate out to be dependent upon the concentration of condensa-
tion nuclei present. An increase in concentration from 0.3x10 
: 41 
to 10x10 particles cm" was found to lead to a marked reduc-
tion in plate out and an increase in airborne concentration. 
This was persumed to result from an increase in the attached 
fraction with a consequent decrease in the activity lost to 
the walls (because of much lower deposition velocity of parti-
cles). George et al. (1983) directly measured the radon 
3 
daughter plate out in lo9 and 20 m chambers to test the effect 
of different parameters on plate out over a wide range of • 
partiple concentrations and sizes. They also concludes that 
plate out is strongly dependent on particle concentration. 
The ratio of surface-deposited activity to total daughter 
activity in the chamber varied from A'/, at particle concentra-
5 —3 3 -3 
tions >10 cm to 86;^  for particle concentrations <10 cm 
The introduction of a small mixing fan into the chamber 
was found to increase the activity loss at relative humidities 
below BOj^. An examination of the fan blades showed that the 
increased plate out occured not on the walls but on the fan*, 
it was confirmed by microscopic examination that this resulted 
from the deposition of free radon daughters and not attached 
ones. When the relative humidity was increased above SQ^ the 
presence of the fan was found to have no effect on plate out. 
This was explained as resulting from the neutralisation of 
218 the initial positive charge of Po by negative water ions; 
the image forces would be reduced, decreasing the rate of 
transport across the boundary layer and the probability of the 
: 42 
complex sticking. 
1.6.4. Detachment of Daughters 
The recoil energy contained by a daughter ion after 
alpha particle decay is about 100 keV, giving it a range in 
air of about 150 pm (Jonassen and McLaughlin, 1976) and in 
materials of about 0.1 i^m (Mercer, 1976). Therefore, there is 
a probability that decay will cause detachment of the daughter 
from an aerosol particle. The probability of detachment has 
been estimated by Mercer (1976) for daughter attached to 
spherical particles of diameter 'd' as 
r = 0.5 (1 + §) ... (1.7) 
where R is the range of the recoiling ion in the particle 
material. For a typical aerosol, median diameter Oo2 |im, this 
leads to a probability of detachment of 0o83 which compares 
well with experimental results (Mercer and Stone, 1971). The 
recoil energy available from p decay is a few eV and is un-
likely to be responsible for significant detachment. Porsten-
dorfer et al. (1978) estimated a detachment probability of 
Oc01-0.02. 
1.7 THEORETICAL MODEL OF THE BEHAVIOUR OF RADON DAUGHTERS 
The detailed behaviour and dynamics of radon decay products 
: 43 : 
is extraordinarily complex, but most of this complexity need 
not to be addressed to adequately understand and model pheno-
menon and techniques which remove radon decay products from 
the air. 
Many, workers have proposed increasingly complex models of 
the behaviour of radon daughters in enclosures, the most recent 
and most complete being that of Porstendorfer et al. (1978) 
which includes the significant loss mechanism as well as the 
effects of variation in ventilation rate. Bruno (1983) des-
cribe a variation of a popular model proposed by Jacobi (1972) 
and extended by Porstendorfer et alo (1978) and compare its 
predictions with field data. He also examines the usefulness 
of the model to describe the effect of radon decay product 
removal techniques. The details of model proposed by him are 
described below: 
p TO 
Radium A ( Po) is formed through the decay of radon and 
it exists as a free ion. Immediately, however, the ion begins 
to coalesce with active trace gases forming a very small (0.002 
|im to Oo02 |am) molecular cluster which may still be ionized. 
The ion and the cluster state shall be treated as one and shall 
be referred to as free decay products. In this state, the 
radium A is highly mobile with a rather large diffusion co-
2 -1 
efficient about 0.06 cm .s (Busigin et al., 1980). Eventually 
free decay products attach to particles (typically from 0.05 
to 0.5 jim) in the air, plate out on surfaces, or decay to free 
: 44 
214 
radium B ( Pb) before they attach to anything. After 
attachment radium A is relatively immobile with a diffusion 
coefficient of 4.bxl0" cm ,s"" (Knutson et al., r983). Upon 
decay, the radium B so created may remain on its particle or 
surface host, or, for a short time, and then may become a free 
ion due to recoil energy from alpha decayo The free ion of 
radium B is faced with the same fate as described for radium 
214 A. Upon the decay of radium B, the radium C ( Bi) created 
typically remains with its host since the recoil energy from 
beta decay is not sufficiently large to promote detachment. 
214 Since the half-life of radium C ( Po) is so short, it can be 
viewed for simplicity as part of direct decay process of ra-
210 dium C to the long-lived radionuclide Pb. 
This entire process is pictorially represented in Figure 
1.5. Decay products in the free ion and small molecular clus-
ter state are designated by a(f) subscript, the attached state 
is shown by (a), and decay products on surfaces are designated 
by (s). The decay products are shown residing in either the 
free partition, the attached partition, or, because of the 
possibility of surface detachment of radium A, the surface 
partition. Each arrows in the figure can be quantified as a 
rate constant with units of inverse time^ In general, the rate 
at which decay products in a given partition follow a parti-
cular pathway is equal to the number of decay products in the 
partition multiplied by the corresponding rate constant. 
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The rate constant for the decay pathway of radon is 
simply the radioactive decay constant, ^p . The rate cons-
tant for radium A decay accompanied by recoil detachment is 
equal to the decay constant, /^., multiplied by the appropriate 
probability that recoil will create a free ion. The rate 
constant for attachment is referred to as the attachment rate, 
X, and depends chiefly on the particle concentration and size 
distribution. The plate out rate constant,^ , is the de-
position velocity multiplied by the surface-to-volume ratio of 
the enclosure. The deposition velocity is defined as the rate 
at which atoms plate out per unit area (the flux density) 
devided by the number of atoms per unit volume (the concentra-
tion). For perfectly still air, the deposition velocity is 
uniquely related to the diffusion coefficient of the decay 
product, but for moving air the actual deposition velocity can 
be more than an order of magnitude higher than this. In such 
situations where the enclosed space is ventilated, another 
removal mechanism for free and attached decay products is 
introduced: exchange of air with the outside, charaterized by 
the ventilation rate, ) \ ^ , Ventilation also introduces an 
additional source term for radon and decay products equal to 
Ay times the radionuclide concentration of the outside air. 
All the rate constants described above are shown in their 
proper place in Figure 1.5. In a steady state situation, each 
partition has a rather simple associated mass balance equation: 
46 : 
NR 
Radioactivo decay (^R) 
Plate out (^po) 
Decay 
Opiate out (^po) Attachment X 
Decay 
Decay 
( l - a ) ^ A 
Decoy 
Decoy 
{>^C) 
Figure 1.5. Flow chart of the fate of 
s h o r t - l i v e d radon decay products . 
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the sum of the flows into a given partition equals the sum 
of flows out of that partition. The following equations, 
therefore, represent the interactions between the seven parti-
tions and express relationships among the rate constants and 
the partition concentrations. 
^^ Rn^ Rn = ^\ ^ V ^\-^^) J^A '•• ^^ '^ ^ 
X N^  = (A^  + >X^  ^A ••• ^^ -^^ 
V^ l = \nl ... (1.10) 
(1.11) 
X N3 + (1-a) \ N^ = (A^ + Ag) N^ ... (1.12) 
AQ HI = (A^  + V "" ^  ^ ^^ ^C ••• ^^'^^^ 
\ ^B = (\ -^  ^ c) ^C ••• (^ -J^ ) 
f 
Where Nn equals the concentration of radon atoms, N. the free 
RaA concentration, N. the attached RaA concentration, and 
similarly for Ng and N^. N^i^  is the number of RaA atoms on the 
room surfaces devided by the room volume. Also, a is the 
probability for recoil detachment from particles, and b is its 
counterpart for surfaces. The above equations are simple 
: ^8 : 
linear equations so that their solution is trivial. Further-
more, the solution of a minor variation of these equations 
has been explicitly discussed elsewhere (Jacobi, 1972; 
Porstendorfer et al., 1978). 
Obviously, the predicted fate of radon daughters is highly 
dependent upon the rate constants, A quantitative discussion 
of rate constant values cited in the literature follows, along 
with a discussion of limits imposed by theoretical considera-
tions . 
1o7o1. Values of Rate Constants 
In Table - 1.8, the range of measured and reported values 
for the rate constants is listed. The HaA, RaB, and. RaC decay 
constants have their fixed values while other rate constants 
as well as detachment probabilities have varying degrees of 
uncertainty because they are highly dependent upon indoor 
conditions, which are quite variable and can not be readily 
measured. 
Porstendorfer and Mercer (1978) have extensively studied 
the attachment of thoron daughters to indoor aerosols. It is 
assumed that this also be applicable for radon daughters. They 
have got a linear dependence of the attachment rate on the 
particle concentration with a coefficient of l,2xlO~ cm .s 
4 -3 
Thus their assumption of Io4xl0 particles cm as a typical 
Table - 1.8 
Value of Rate. Constants 
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Name of rate constant Symbol Value (hr""*") 
Radon decay constant 
Radium A decay constant 
Radium B decay constant 
Radium C decay constant 
Attachment rate 
Plate out rate 
Ventilation rate 
X Rn 
K 
X, B 
A 
X 
c 
X 
po 
X, 
7.56x10"^ 
13.6 
1-5 
2.1 
20-180 
1-200 
0.5-1.25 
50 
indoor condensation nuclei (CN) concentration results in an 
-2 -1 -1 
attachment rate of 1.68x10 s or roughly 60 hr . The 
presence of a smoker or other CN generator can easily double 
or triple this value. The air cleaning equipment or the 
presence.of smokers may decrease or increase this, respectively 
by a factor of three. The plate out rate constant is the rate 
per unit volume of room air at which radon decay products plate 
out on room surfaces per unit concentration in room air. This 
constant is simply related to the well-defined deposition 
velocity and the plate out flux density per unit concentration 
>-po = ^depl ••• (1-1^) 
where S is the total surface area in the room, and V is the 
total volume of the room. The typically assumed value of S/V 
is 1.8 m"""" (Krisuik et al., 1971). 
The deposition velocity can be estimated by using Pick's 
law to calculate the flux density, J, of decay products which 
plate out on wall surfaces 
J = -D ^ ^ ..o (1.16) 
where D is the diffusion coefficient of the free decay products, 
and N is the concentration as a function of the distance, z, 
from a surface. Since free decay products stick to walls, 
N(0) = 0 is an imposed boundary condition. Typically, N will 
increase from zero and approach the average room concentration 
: 51 : 
N , at some short distance ZQT from the surface called the 
av * BL 
diffusion boundary layer thickness. In this situation Pick's 
law predicts a flux density into the wall equal to Ng^ /znj^ » so 
that the deposition velocity (v^^ = J/^Q^)f is equal to D/zgj^. 
In perfectly still air, it is easy to show that Zg, is of the 
1/2 
order of (D/A) where D is the diffusion coefficient of a 
free decay product and A is the radionuclide decay constant. 
2 -1 For free RaA, D is typically about 0.06 cm .s so that the 
diffusion boundary layer would be roughly 4 cm. This boundary 
layer leads to a deposition velocity of 0.015 cm.s and a plate 
out rate of about 1 hr . Perfectly still air, however, is 
not typical in residences. 
In a room with moving air, the diffusion boundary layer 
will roughly coincide with the laminar boundary layer of air 
flowing across room surfaces. The air in the laminar boundary 
layer is not mixed by convective air flow with other room air, 
so the only way a free decay product can plate out on a wall is 
to diffuse through this layer of air. The thickness of the 
laminar boundary layer is governed by room air speeds and is of 
the order of a millimeter for moderate indoor air speeds (10cm. 
s ) (Shames, 1962). Since thickness varies inversely with 
air speed, the diffusion boundary layer may be a few millimeters 
at lower air speeds. A boundary layer of 3 mm leads to a plate 
out rate constant of roughly 13 hr~ , while a 1 mm layer yields 
roughly 40 hr . In summation, these theoretical considerations 
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predict a minimum plate out rate constant for free RaA of 1 hr 
in perfectly still air, and rate constants of 13 and 40 hr 
for room air moving at low and moderate speeds, respectively. 
Values for deposition velocity of free decay products reported 
in the literature yield plate out rate constants that range 
from 25 hr"""" used by Stranden (1979; to 70 - 200 hr"""" used by 
Porstendorfer et al. (1978). Knutson et al. (1983J arrived at 
a deposition velocity leading to a plate out rate constant from 
2 to 4 hr~ . Values reported for the deposition velocity of 
the attached decay products are typically two to three orders 
of magnitude smaller than for unattached. Furthermore, the 
analysis suggest that the deposition velocity varies with 
diffusion coefficient raised to a power between 1/2 and 1. 
Given the diffusion coefficient of attached decay products 
reported above, attached plate out should be quite small. Conse-
quently, plate out of attached decay products is negligible as 
a removal relative to decay and ventilation. 
The last rate constant of importance is the air exchange 
rate. This will typically be near 1 hr" as a long term 
average and will probably lie between 0.5 and 1.5 hr" for the 
large majority of houses. Also of importance are the detach-
ment probabilities for decaying RaA from particles and surfaces. 
Mercer (1976) arrived at an 83;^  detachment probability from 
particles, while Jacobi (1972) suggested a value of 5Q/.. Some 
investigators have suggested that wall detachment may also be 
: 53 : 
significant. However, with a laminar boundary layer of the 
order of a few millimeters it would appear that recoiling RaB 
nucleus (with a recoil distance of 0.15 mm in air) would often 
remain in the boundary layer and find its way back to the wall. 
Considering this, it is reasonable to assume that the detachment 
probability from a surface not be more than 25>< (based on the 
assumption that out of the ^O/ which recoil away from the wall, 
5Cy. diffuse out of the laminar boundary layers into the room 
air mainstreams). 
1.8. FACTORS INFLUENCING THE RADON CONCENTRATION IN 
INDOOR ATMOSPHERE 
Radon concentration of the indoor air is influenced by 
several factors which can be devided into two groups: 
(i) locally dependent factors, i.e. building material, loca-
tion of the building, location of the room inside the 
building; and 
(ii) time dependent factors, i.e. exhalation from the surround-
ing walls and from the soil underneath the building, ven-
tilation condition, radon content in the outdoor air and 
matereological parameters (atmospheric pressure, humidity, 
wind and temperature). 
Most of the factors mentioned here are dependent on each 
other. In Figure 1.6 the various factors that have influence 
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upon the radon concentration are shown. In the following, 
some of these factors will be discussed in more detail. 
I080I0 Building Material 
The Ra content in building material is of major interest 
with regard to the radioactivity indoors. Commonly used ma-
terials from private and public buildings are mainly concrete, 
brick and wood. Stranden and Berteig (1980) reported the value 
of radium concentration in some main building materials from 
different parts of Norway. The values presented cover a wide 
range within each group of building material, e.g. for 'con-
crete' 3.7 - 126,0 BqoKg"''' (mean 27.75 Bq.Kg""^), for 'brick' 
33o3 - 8808 Bq.Kg"''" (mean 63.0 Bq-Kg"""") , for ' Lecca' 37.0 -
81.4 Bq.Kg~ (mean 51.8 Bq.Kg" ). Examinations of U.So con-
cretes have yielded sample averages ranging from 1.4 - 44.4 
Bq.Kg , with values for brick and tile somewhat higher 
(Ingersoll, 1983; Kahn et al., 1983). According to the data 
presented in UNSCEAR (1977) for Europian building materials the 
value of Ra for the concrete sample ranged from 33,3 - 74.0 
BqoKg , for cement was almost similar, but for brick was about 
50/. higher, and that for plaster was lower by a factor of five. 
This emphasizes that it is necessary to measure the Ra 
content of each building material concerned. 
In addition to materials used for the structure of a 
building, materials used for decoration of the room have to be 
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considered as possible sources for the radioactivity indoors 
e.g. ceramic tiles and wall papers for floors and walls. These 
can contain uranium salts which are used for colouring purposes 
(O'Riordan et al., 1972). 
1.8o2. Radon Exhalation 
Due to radioactive decay of Ra, the gaseous daughter 
222 222 
Rn is formed in the building material. Rn diffuses from 
the place of its origin into air-filled pores of the building 
material and finally into the room air. The rate of exhalation 
into room air from surrounding walls can be influenced by the 
finish of the wall surface: plastic paints, thick washable wall 
222 paper or metal panelling which reduce the amount of Rn 
entering the room atmosphere. The radon exhalation will vary 
with the atmospheric pressure. It is reported that a sudden 
drop in the atmospheric pressure in an unventilated room will 
cause an increase in the radon exhalation due to sucking effect 
of the falling pressure (Jonassen, 1975). Stranden et al. 
(1979) found that a daily drop in atmospheric pressure of 1 mm 
of Hg will result in an increase of the radon exhalation of 
about ^-l'/.» However, the amount of a passive exchange between 
air masses indoors and outdoors will determine to what extent 
this increased exhalation will result as an increased content 
222 
of Rn. If there is no exchange with air masses of lower 
radioactivity, indoor radioactivity will decrease only due to 
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radioactive decay and, for the daughter products, due to the 
attachment to interior surfaces such as walls and furniture. 
The rate of exhalation from the soil under the building is 
important due to the vertical concentration gradient of the 
222 
radioactivity within the building. The Rn concentration m 
cellars or rooms on the lower basement is usually higher than 
in rooms on top floors (Toth, 1972; Abu-Jarad and Fremlin,1982). 
1.8o3o Ventilation Conditions 
A room enclosed by walls can be ventilated in two ways: 
(i) by infiltration (uncontrolled leakage) through the pores 
of the surrounding walls and through the gaps around 
closed windows and doors; and 
(ii) by ventilation through existing openings (windows and 
doors) or by air-conditioning systems. 
Infiltration is dependent mainly on the wind speed in the 
open air and on the temperature difference between room air and 
outdoor air. Increase wind speed and temperature differences 
from the inside to the outside increase the ventilation by 
infiltration. Doyle et al. (1984) pointed out that the indoor 
radon concentrations are mainly dependent on radon entry rate, 
than the differences in infiltration rates in houses. If the 
radon content of outside air is smaller than the inside air, 
increased ventilation will result in a decreased radon 
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concentrations indoors. As the ventilation rate increases 
from 0 to 0.1 and from 0.1 to loO hr , the radon concentra-
tion decreases by a factor of 13 and 10, respectively (UNSCEAR, 
1982)o Similar result is reported by Stranden et al. (1979) 
that the radon concentration may vary by a factor of 5 in one 
day due to variation in ventilation rate. Some of these 
effects are shown in Figure lo7 and 1.8. Furthermore, the 
portion of daughter product will decrease (e.g, the ratio Pb/ 
222 
Rn), because the probability for the attachment to walls and 
other surfaces is higher. 
1.8o4. Diurnal and Seasonal Effect 
Diurnal and seasonal variations in houses were studied by 
long-term measurements (Hague et al., 1965; Jonassen and Hayer, 
1974; McGregor and Gourgon, 1980; Spitz et al., 1980). The 
diurnal variation depends on the climate, occupancy and kind 
of ventilation all of which effect the air exchange rate. A 
study in UoKo shows that the radon concentration is maximum 
during the night (Devies and Forward, 1970). The average values 
of all measurements in 37 dwellings of Finland showed maxima 
in the early morning and minima at noon (Makelainen, 1980). 
The investigations made in United States showed that the maxi-
mum values were found in the morning and minimum at night 
(Spitz and Wrenn, 1974). Gessel (1983) presents the data of 
diurnal variations investigated by many workers in four countries 
: 59 
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(U.S., Hungary, Germany and U.S.S.R.) which are given in 
Figure lo9. Each curve is the average of numerous daily mea-
surements. The data presented for Germany represent average 
results for sunny days (solid line) and cloudy days (dashed 
line). These results are consistent with the fact that diurnal 
fluctuations in atmospheric stability are less pronounced on 
overcast days. The clouds restrict early morning heating of 
the ground and restrict radiant losses in the evening. Apart 
from small differences of shape and slope, all of the results 
are in essential agreement with each other and with prediction 
made on the basis of atmospheric stability. The ratio of maxi-
mum to minimum diurnal value is approximately in the range of 
2-5. These observations emphasize the need of continuous mea-
surements or several samples over at least 24 hours in order to 
obtain a representative value of the mean radon concentration 
in houses. 
A number of measurements have been made of the seasonal 
variation of radon concentration in houses (Abu-Jarad and 
Fremlin, 1984; Fleischer and Turner, 1984; Wilkening and Wicke, 
1986; Subba Ramu et al., 1987), All of these measurements showed 
a significant variation in radon and its daughter concentrations 
under different seasons and emphasize the need of long-time 
integrated measurements. Even measurements over a period of 
three months may not represent the average of whole year. All 
of the results reported by different investigators showed that 
: 62 
DAILY VARIATION 
cmsttn 
n[w jEnsEr 
8 K) 12 14 16 
"HME Ihl 
18 20 22 24 
Figure 1.9. Daily variation of atmospheric radio-
activity (radon or radon dauqhtors) in 
four countries (Gesell, 19b3). 
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the radon concentration indoors is maximum in winter months 
and minimum in summer months. Fleischer et al. (1980) showed 
that the winter to summer ratio in a few rooms ranges from 3 
to 10, averaging 5o3o A study made in U.K. (Abu~Jarad and 
Fremlin, 1984) showed the average concentration in the three 
different seasons - spring, summer and winter are Oo31+0o02, 
0.24+0o0l and 0.42+0o02 pCi/l, respectively. Wilkening and 
Wicke (1986) measured the radon concentration in nine houses 
of New Mexico giving a winter to summer ratio of 2.2, In New 
York city during a period of two years (1972-1973), the seasonal 
variation amounted to a factor of 3 between a maximum in winter 
and a minimum in summer (Fisenne and Harley, 1973). A few 
measurements in New Jersey compare the radon activity concen-
trations in the basement of a house in winter and summer and 
about 3C5< lower values were achieved during the summer (Spitz 
et al., 1980). Toohey et al. (1985) found an average of 
2,2+2.7 for winter to summer ratio in radon concentration in 
the first floors of 144 single family houses in Chicago area. 
These investigations emphasize the danger of breif readings 
taken in a single season and the importance and usefulness of 
integrating readings over a full yearo 
1.9 HEALTH HAZARDS FROM RADON DAUGHTERS 
It was Bale and Harley who first pointed out that the lung 
cancer hazard from inhalation exposure to radon and its daughters 
: 64 : 
was not from the radon itself but rather from the alpha dose 
delivered through lung deposition of the short lived daughters 
918 
of radon (Bale, 1951; Harley, 1953)o Two alpha emitters, Po 
214 (RaA) and Po(RaC*)» ultimately deliver the carcinogenic dose 
to basal cells of the bronchial epithelium, the persumed cri-
214 214 tical tissue for induction of lung cancer. Pb and Bi do 
not cause any damage to the lungs. These are short lived 
daughters of radono The other long lived progeny such as 
91 n 91 n 91 n 
Pb, Bi and Po have insignificant health effects as 
they are eliminated from the body before any significant decay 
occurs. The complexity of the dose estimates has been discussed 
in detail by many workers and considered by many international 
organizations (Jacobi, 1984*, Pohl and Pohl-Ruling, 1977; Harley 
and Pasternack, 1972*, 1981°, 1982; Hague and Collinson, 1987; 
ICRP, 1977*, 1981; UNSCEAR, 1977; 1982; NCRP, 1984). 
To estimate the exposure and dose relationship due to 
radon and its daughter products to the respiratory tract, the 
following factors are taken into account (Stranden, 1980): 
(a) the radon concentration, 
(b) the equilibrium factor, 
(c) the fraction of the unattached daughters, 
(d) the type of breathing, i.e. nose breathing or mouth 
breathing and the rate and depth of respiration, 
(e) geometrical parameters of different regions in the 
respiratory system and translocation and clearance of 
the deposited activity. 
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The dose to the tracheobronchial region increases by an 
increasing fraction of unattached daughters while the dose to 
the pulmonary region decreases (Stranden et al., 1979). The 
fraction of unattached daughters increases markedly with de-
creasing aerosol concentration and decreasing residence time 
of the air (Jacobi, 1972). This indicates a larger fraction 
of unattached daughters in indoor air than in mine air because 
of better ventilation. Thus, at the same breathing rate, the 
dose to the basal cell layer of the critical bronchial region 
is greater in dwellings than in mines per WLM of exposure. 
Now-a-days, inhalation exposure is defined in terms of 
the air concentration of radon daughters in 'Working Level' 
units and the conventional unit of exposure is the 'Working 
Level Month'. The introduction of these units avoids the 
problem of disequilibrium of the daughters or attached (or are 
unattached) to a carrier aerosol. Attached radon daughters 
deposit with a few per cent probability to the respiratory 
tract surfaces, whereas unattached radon daughters deposit in 
the respiratory tract with nearly 10(>i probability. Thus, the 
mix of attached and unattached radon daughters is an important 
consideration in assessing lung dosimetry (Cross et al., 1985). 
Fortunately, the mean unattachment fraction values found in 
the workplace and in the environment are reasonably constant 
and sufficiently similaro They do not cause a large disparity 
in the radiological dose assessment of environmental and 
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occupational exposures to radon daughters. The differences 
in other parameters that influence the radon daughters lung 
dose, such as differences in daughters equilibrium, particle 
size distributions, breathing rates, bronchial morphometry and 
physiological clearance processes, tend to produce somewhat 
compensatory doses to the basal cells of the bronchial epithe-
lium. Thus the pertinent radiological doses remain reasonably 
invariant with activity and environment and to some extent, 
with age. 
1,9.1. Inhalation Dose 
The radon daughter lung dosimetry models given by many 
workers proposed the bronchial epithelium exposure to dose 
conversion factor at about b mGy (WLM)~ for U mines. Harley 
and Pasternack (1981) has derived the dose per unit cumulative 
exposure for environmental conditions under radon daughter 
equilibrium factor of 0.7; the finding is in close agreement 
for the adult male (7ol mGy/WLM), adult female (6.4 mGy/WLM), 
the 10 year old child (12 mGy/WLM) and the 1 year old infant 
(6.4 mGy/WLM). The similar dose factor values for male, 
female, children and infants to basal cells in bronchial epi-
thelium in a five lobed human lung is reported (Harley and 
Pasternack, 1982), The highest dose is received by generation 
2 and 4. The average value in generation 4 for the five lobes 
for men, women, children and infants are 5,2, 5.0, 12 and 
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7.7 mGy per WLM. It was also found that basal cell do-se in 
the bronchi for infants and children are higher than for adults 
by a factor of 2-3 in the first 10 year of life (Hofmann, 1982). 
Many other workers reported the exposure to dose conversion 
factor to bronchial epithelium with conversion factor ranging 
from 2 mGy/WLM (Harley and Pasternack, 1972) to 120 mGy/WLM 
(Haq and Collinsion, 1967). Toth (1972) reported a figure of 
6.6 mGy/WLM whereas 7 mGy/WLM is found by Cross et al. (1985). 
Subba Ramu et al. (1988) obtained a value of 20.7 mGy/WLM for 
the typical conditions of living in dwelling while UNSCEAR 
(1981) adopted 10 mGy/WLM. Vohra and Subba Ramu (1983) obtained 
a value of 9.2 mGy per WLM for a mine environment by using the 
same approach as for the dwellings (Subba Ramu et al., 1988). 
The differences in the bronchial dose for the minors and for 
those receiving environmental exposures primarily reflect 
reduced breathing rates during environmental exposures, differ-
ences in lung morphometry, differences in particle size, 
occupancy period and the increased percentage of unattached 
218 
Po in ordinary atmospheres ( ^7/. environmental Vs Ay. in 
mines). These conversion factors indicate that a cumulative 
exposure in the non-mining environment is somewhat more effec-
tive in delivering a radiation dose to basal cells of the 
bronchial epithelium than are exposures under working condition 
in a mine. 
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Although it seems intuitive that the reduction in breath-
ing rate (and therefore, radionuclide intake) which occurs 
under environmental exposure conditions, should reduce the dose 
to bronchial epithelium, the deposition on to the tracheobron-
chial tree increases due to the lower rate of air flow. This, 
combined with other compensatory differences between environ-
mental and occupational exposure conditions, tends to result 
in somewhat comparable doses to basal cells for the two exposure 
situations. 
lo9o2o Ingestion Dose 
It was found that the tissues of stomach wall receive the 
greatest radiation dose from ingested radon (Hursh et al.,1965). 
He states that the dose contribution from the total decay of 
the ingested short lived daughters is negligible compared with 
that from the radon itself. The calculated doses are 412 mrem/ 
[iCi Rn and 440 mrem/iiCi Rn, for full and empty, stomachs, 
respectivelyo Suomela and Kahlos (1972) estimated the dose 
based on whole body counting measurements of human volunteers. 
Using an alpha quality factor of 10, they derived doses to the 
000 000 
stomach wall of 240 mrem/jiCi Rn and 380 mrem/|iCi Rn, for 
full and empty stomachs, respectivelyo These values convert 
222 to 480 and 760 mrem/p,Ci Rn, using the currently recommended 
value of 20 for the alpha quality factor. The reported values 
000 
of Dobeln and Lindell (1964) are 400 mrem/|iCi Rn for stomach 
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and 4mrem/iiCi Rn for whole body. The whole body dose equi-
valent of Andersson and Nilsson (1964) is somewhat higher 
(14 mrem/|aCi Rn) o 
Several investigators reported the values of ingestion 
doses due to radon, experimental measurements are few and 
somewhat contradictory (Sullivan and Nelsson, 1982). They 
also estimated that the ingestion doses to the gastrointesti-
nal tract may be overestimated by as much as two orders of 
magnitude and, therefore, they do not consider present data is 
adequate for assessing radon ingestion doses. 
The so far reported values vary between about 0.05 and 
222 
0.2 mSv per kBq Rn to the stomach using a weighting f ac to r 
of 0 .06, the e f f ec t i ve dose equiva len t w i l l be 3-b |JSV per k.Bq 
222 
Rn. The major part of the daily ingestion of water is in 
food, coffee and tea and only a minor part by directed drinking 
as a beverage. A great part of the radon will be released from 
water during cooking and boiling and the major radon intake is, 
therefore, by drinking the water as a beverage. The amount 
of water consumed in this way varies between 300 and 1200 ml 
per day, however, many investigators prefer to use the lower 
number. The ICRP reference man estimates daily tap water con-
sumption at 150 ml, 100 and 200 ml for adult man, woman and 
10 year old child, respectively (ICRP, 1975). Assuming a con-
sumption of Oo5 litre per day and a dose conversion factor of 
222 3 [iSv per kBq Rn, a radon concentration of 1 kBq per litre 
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will lead to an effective dose equivalent of 0.5 mSv per year. 
1.10. INDOOR RADON LEVELS IN DIFFERENT COUNTRIES 
Radon and its daughters in air in dwellings cause the 
main radiation dose to people in many countries. The interest 
for radon and its daughter products has increased awareness of 
the problem and the tendencies of increased activity concentra-
tion of radon as a result of energy conservation programme. 
Several surveys have been performed in the past few years in 
different countries in Europe and North America. These surveys 
revealed that some countries have high radon concentration in 
many of their dwellings (e.g. Sweden and Colorado State, USA). 
The following summarize results of measurements in several 
countries are presented here and it is expected that new data 
are continuously presented in the literature. 
l.lOolo Radon Levels in Europe 
The indoor radon concentration mainly depends on the 
building material and soil underneath. A number of surveys 
were carried out in many countries of Europe. It was found that 
the radon concentration is highest in houses of Sweden which 
were built of aerated concrete based on alum shale. The 
average of the radon daughter activity concentration in 32 
single-family houses is 260 Bq.m expressed as equilibrium 
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equivalent concentration (EEC) of radon (Swedjemark,1980). It 
is estimated that about 3,50,000 - 7,00,000 dwellings in 
Sweden contain aerated concrete based on alum shale, which 
contains more radium than is usual in building materials and 
this has given rise to increase gamma radiation exposure and 
radon daughter exposure (UNSCEAR, 1977). An estimation based 
on available results from measurements in 600 houses represen-
tative for Sweden indicates an average value for radon con-
-3 
centration as 120 Bq.m in 1980 and the true average is 
_3 
believed to be within the extremes of 80 and 280 Bq.m 
(UNSCEAR, 1982). Using an indoor equilibrium of 0.5, the ex-
posure in vJorking Level equivalent to t'.e average indoor radon 
_3 
concentration of 120 Bq.m is 0.016 WL. Taking this exposure 
level and an occupancy of 8Q^ gives an indoor cumulative ex-
posure of 0o66 WLM/yr. This value corresponds to an effective 
dose equivalent of 3o7 mSv per year. 
The concentration of radon and its short lived daughters 
were measured inside public and private buildings in Innsbruck, 
Austria (Steinhausler et alo 1975). The buildings were made 
out of brick, concrete, stone and wood. The mean radon con-
-3 
centration of 44ol5 Bq.m was reported in 12 test sites of 
Innsbruck, Austria. Another study (Steinhausler, 1980) in 
222 Salzburg, Austria showed a value for Rn concentration as 22 
-3 -3 
Bq.m and 12 Bq.m for radon daughters which correspond to an 
effective dose equivalent of 0.7 mSv per year. 
: 72 : 
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Cliff (1978) measured the concentration of Po in 87 
dwellings in England and Scotland and combined the results 
with measurements of ventilation rates to estimate the rate 
of radon input into themo The mean value of radon emanation 
-3 -1 
rate was found to be 20o0 Bqom .hr . Assuming an average 
ventilation rate of 1 hr~ and paying due consideration to 
the radon concentration in the outside air (3.0 Bq.m ), the 
average radon daughter concentrations in the houses was found 
to be 3.5 mWL. That correspond to an effective dose equiva-
lent rate of Oo8 mSv/yr. Abu-Jarad and Fremlin (1983) were 
also measured the concentration of radon daughters in 86 rooms 
in three different areas of UoK. : Birmingham, Aberdeen and 
Mainland Orkneys. The geometric means of the concentrations 
in these areas were reported to be 2oO, 6.7 and 2o5 mWL, res-
pectively,, The concentration of radon daughters in Aberdeen 
is nearly three times more than that for the Birmingham area, 
because the houses are built by granite which produces more 
radon than the clay bricks (Abu-Jarad et al., 1980)o 
Toth (1972) have measured the concentration of radon 
daughters in 14 different towns and villages of Hungary. The 
arithmetic mean of the radon daughters concentration obtained 
is 25oO mWL. The value is 7 times higher than the concentra-
tion in U.K. but similar to the value reported by Gemessi 
et al. (1975) in Hungary. 
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Stranden et al. (1979) have made measurements in 120 
Norwegian dwellings built by wood, concrete and bricks. Con-
crete houses gave the highest concentration of radon, while 
wooden houses showed a higher mean than brick. This explained 
by the fact that the wooden houses in Norway or mostly one or 
two-storey buildings in which radon emanation from the ground 
can be expected to be of significance. The data on the dis-
tribution of radon concentrations in houses in the Oslo region 
combined with the data on the distribution of houses of 
different building materials in Norway, lead to an average 
-3 
radon concentration of 53.0 Bq.m , which will correspond to an 
effective dose equivalent of 1.6 mSv per year. 
Jacobi (1980) measured the EEC of radon daughters in 
about 250 dwellings in Federal hepublic of Germany. The re-
-3 
ported value ot geometric mean was 7 to 18 Bq.m for radon 
and the distribution were log-normal. Another study (Keller 
and Folkerts, 1984) in 136 dwellings shows that the indoor 
radon concentration in FRG is found a minimum value of 7.4 
-3 -3 
Bq.m and a maximum value is 370 Bq.m , the arithmetic mean 
-3 -3 
is 32.0 Bq.m whereas the most frequent value is 11.5 Bq.m 
They have also reported a median value of equilibrium factor 
as 0.3 and the arithmetic mean of radon daughters concentration 
is 2o6 mvJL. 
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1.10.2. Radon Levels in U.S.A. and Canada 
Nero (1983) in his review article summarize the data on 
radon and its daughter concentrations in U.S. dwellings which 
is given in Table - lo9. Homes monitored in New York and New 
222 Jersey were found to have an annual average Rn concentration 
-3 -3 
of 11.1 Bq.m to 114.7 Bq.m in indoor air, with a geometric 
mean of about 29.6 Bq.m . Grab sample measurements of homes 
in the San Francisco area made during the summer with windows 
closed and with an average air exchange rate of 0.4 hr~ , gave 
concentrations averaging lid Bqom (Berk et al., 1979). While 
considerably higher concentrations were found in a rural area 
of Maryland (Moeller et al., 1978). Grab sample measurements 
in Illinois showed a substantial incidence of concentrations 
_3 
greater than 185.0 Bq.m ; 6 of 22 houses had concentrations 
of 370oO Bq.m"^ or more (Rundo et al., 1979). High levels of 
radon daughter concentrations were reported in U.S. mining 
_3 
area, of Grand Junction, Colorado which varies from 19.0 Bq.m 
-3 222 
to 196.0 Bqom . A study of Rn concentrations in 1377 U.S. 
single family homes has been made by Nero et al. (1984). These 
data show a log-normal distribution with a geometric mean of 
-3 -3 
33oO Bqom and a geometric standard deviation of 107.0 Bq.m , 
_3 
implying an arithmetic mean of 58o0 Bqom . They .also reported 
that approximately 2'/. of the homes were found to have Rn 
_3 
levels exceeding 300.0 Bq.m . Fleischer and Turner (1984) 
measured the full year average radon levels in conventional and 
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energy-efficient houses in New York. The average radon 
concentration in conventional and energy-efficient homes was 
-3 -3 
found to be 33.3 Bq.m and lOOoO Bqoin , respectively. A 
222 later survey (Cohen, 1986) of Rn levels in 453 homes in 
_3 
42 states shows the geometric mean concentration as 38o0 Bqom 
-3 
and the arithmetic average as 54.0 Bq.m . These results are 
similar to those reported by Nero et al. (1984). 
A large nation wide survey was reported by McGregor et al. 
(1980) in 19 Canadian cities and a total of 13436 houses were 
randomly selected. The results are summarized in Table - 1.10. 
The measurements were taken primarily in basements, which gave 
_3 
geometric mean concentrations ranging from 10.0 to 51.0 Bq.m 
Another study (Letourneau et al., 1978; Taniguchi n^d Vasudev, 
1980) in March Township, Ontario was done due to occurrence of 
of low-grade uranium deposits (5 ppm of uranium). Most of the 
_3 
houses contains an EEC value's lower than 19o0 Bqom , the 
-3 
highest value was 700oO Bqom and the weighted arithmetic 
_3 
average was 50oO Bq^m . Knight and Makepeace (1980) have 
made surveys in areas where radioactive contamination was sus-
pected for various reasons; radium-uranium refineries, metallur-
gical operations making use of refinery residues and uranium 
mining. One area was classified as a 'normal' reference area. 
The results are presented in Table - lollo 
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Table - 1.10 
* 
11 
15 
3.6 
5.3 
7.0 
6.7 
2.3 
2.0 
Radon and Radon Daughter Concentrations in Canadian Homes 
' Rn concentration EEC of radon 
Location (Bq.m"^) (Bq.m~3) 
] G.M. G.S.D. G.M. G.S.D, 
Calgary, Alberta 
Charlottetown, Prince 
Edward Island 
Fredercicton, 24 4.0 12-.0 2.9 
New Brunswick 
Halifax, New Brunswick 
Montreal, Quebed 
Quebec, Quebec 
St. John's, New Brunswick 
Sherbrooke, Quebec 
St. John's, New Foundland 
St. Lawrence, New Foundland 
Sudbury, Ontario 
Thunder Bay, Ontario 
Toronto, Ontario 
Vancover, British Colombia 
Winnipeg, Manitoba 
Brandon, Manitoba 
Regina, Saskatehenan 
Saskatoon, Saskatehenan 
Edmonton, ^Mberta 
* Ref.: UNSCEAti (1982). 
— 
11 
10 
10 
13 
11 
33 
21 
20 
11 
05 
51 
30 
47 
16 
16 
— 
3.3 
3.8 
5.7 
5.4 
4.4 
6.8 
4.0 
4.5 
2.8 
3.0 
4.1 
4.8 
3.6 
4.3 
4.6 
11.0 
5.2 
4.8 
6.7 
8.5 
5.6 
6.3 
13.0 
9.3 
6.7 
3.3 
26.0 
16.0 
19.0 
16.0 
16.0 
3.1 
2.5 
2.7 
3.0 
3.3 
2.7 
4.6 
3.0 
2.6 
2.6 
2.0 
3.4 
2.7 
3.1 
3.3 
3.3 
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Table - 1.11 
Radon Concentration in Houses in Canada from 
High Background Area 
SoNo. Location No. of houses 
*Ref. : UNSCEAR (1982) 
Av. EEC of radon 
(Bq.m"^) 
1. Port Hope 2961 11.0 
2. Cobourg 
(i) Spring 106 5.2 
(ii) Autumn 97 5.6 
3. Uranium City 632 48.0 
4. Elliot Lake 1921 30.0 
5. Bancroft Area 1162 26.0 
6. Deloro 68 22.0 
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1.10o3. Radon Levels in Asia 
A large number of surveys have been performed in Europe, 
U.S.Ao and Canada as discussed in previous sections. The 
measurement of radon levels in the dwellings of Asia are rare. 
Abu-Jarad ^nd Al-Jarrah (1986) have reported a survey in 400 
homes in Saudi Arabia.Their reported values of radon concen-
_3 
trations were found to vary from 5,0 to 36.0 Bq.m with a mean 
-3 
of 16.0 Bq.m . They have also measured the radon concentra-
tion in unoccupied houses which showed a concentration of 
29.0+7 Bq.m which is double that of occupied houses (14.0+1 
_3 
Bq.m ), in the same area. The radon daughter concentrations 
were measured in 17 unoccupied houses found to vary from 1.35 
to 24oO mWL with an average of 6.9 mWLo 
222 A wide survey of Rn concentration in indoor air were 
made in 537 dwellings of Beijing, China (Tianshan et al.,1987). 
These dwellings were either detached houses or multi-family 
apartments. They reported that the distributions are approxi-
222 
mately log-normal with 90/. of dwellings having Rn levels less 
-3 222 
than 60.0 Bq.m . The weighted average of Rn concentration 
-3 
has been reported to be 22o4 Bq.m . Averages for detached 
houses and multi-family dwellings are reported to be 25.9 and 
-3 
15o2 Bq.m , respectively. They assumed an equilibrium factor 
of 0o5 and an occupancy factor of Oo8, the average equilibrium 
222 -3 
equivalent concentration of Rn daughter is 11.2 Bq.m and 
the annual average effective dose equivalent is 1.1 mSv. 
: 80 : 
Shimo (1984) measured the apparent RaA concentration and 
verified close agreement between the apparent radon daughter 
concentration (ARD) and the equilibrium equivalent radon (EER) 
concentration in the dwellings of Japan. He reported the ARD 
_3 
concentration of 9.9oBqom in aerated concrete house and 
-3 
23.0 Bq.m in concrete house. The effective dose equivalent 
using the apparent radon daughter concentration was estimated 
to be Oo5 - 1.5 mSv per anum. 
In India, the study of radon and its daughter concentra-
tions was made in some dwellings of Bombay (Ramachandran et al., 
1986; Subba Ramu et al., 1987). More than 100 dwellings were 
surveyed in different areas of Bombay and its suburbs. They 
reported that the radon concentration in dwellings was varied 
-3 -3 
from lo5 to 32.0 Bq.m with a mean of llo6 Bq.m . The 
working level concentration varied from 0o2 to 2.0 mWL, with a 
mean of 0o8 mWL. This exposure gives an average effective dose 
equivalent in Bombay dwellings as 0o54 mSv per year. 
1.11. PRESENTT INVESTIGATIONS AND ITS SCOPE 
A quantitative assessment of health effects of various 
sources of energy production should provide guidlines not only 
for the selection of power plant sites but also for future 
energy policies for a risk-conscious nation. In particular, 
the public is much concerned about the risks from nuclear power 
81 
generation due to the ionizing radiation hazards associated 
with it. It is, of course, important to realise that all 
types of huiTian activities are associated with some type of risk 
or the othei . In fact, thermal and nuclear power generation 
is also the cause of release of radioactivity to the environ-
ment. It is also iniportant to realise that human beings are 
exposed to natural radiation ever since their origin on the 
earth. Uf all the natural radionuclides from all the important 
sources to which the public is exposed, naturally occuring 
222 
radon ( Rn) activity is the highest. For the general public 
the highest contribution to the annual average radiation 
exposure comes from radon and its radioactive daughters. 
The radiological impact of radon and its daughters present 
in the indoor environment is receiving increased importance. 
A study in U.S. shows that 2U,UU0 people die each year from 
lung cancer due to radon daughters (New Scientist,,22 September 
1988, p. 24). The U.S. Government announced that almost every 
American home and building should be surveyed for radon gas. 
Keeping these in mind, it was thought desirable to make syste-
matic study of radon levels in Indian dwellings. 
In the present study, tlie measurement of radon and its 
oauQhters concentration have been done in a large number of 
buildings of Aligarh using CK-39 (lershor l.iouldinqs, U.K.) 
nuclear track detector. CH-39 detector is sensitive to all 
alpha-particle energies emitted from radon and its daunhters 
: 82 : 
and performance of this type of detector was found to be quite 
satisfactory under various environmental conoitions. The 
calibration factor for CR-39 nuclear track detector under 
typical Indian dwelling conditions for known radon concentra-
tions in an experimental chamber was measured. The effect of 
some factors i.e. ventilation, sub-soil emanation, height 
from grounci level, housed materials, internal wall coverings 
and seasons on radon concentrations inside buildings was 
studied. r^ iadon exhalation rate in a number of commonly used 
building materials vyas also found. In addition to.these 
investigations, radon content of some materials (i.e. tobacco, 
tea and toothpowder) consumed by human beings v/as also esti-
mated. The results of the present study will be significant 
as pre-operational data for environmental survillance of 
Karora Atomic Power Plant, a centre located just 40 Km away 
from Aligarh and likely to become operational in few months. 
This study has yielded significant base-line data for radiation 
protection agencies to ensure the safety measures against the 
possible radiation hazards of the surrounding population. 
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CHAPTER - I I 
MEASUREMENT TECHNIQUES 
MEASUREMENT TECHNIQUES 
2.1. INTRODUCTION 
Several different techniques have been used to measure 
radon and its daughters activity inside the buildings. The 
methods include alpha particle counting of aerosol samples 
of filter paper using alpha scintillation detector (Toth 1972; 
Lucas, 1975; Thomas, 1972), ionization chamber (Stranden et al., 
1979), surface barrier detector (Cliff, 1978; Bigu, 1986), 
thermoluminescent dosimeter (George and Breslin, 1978), 
activated C detector (Tianshan et al., 1987; Ren and Lin,1986) 
and solid state nuclear track detector (^ rank and Benton, 
1977; Alter and Fleischer, 1981; Abu-Jarad and Fremlin, 1979). 
The salient features of SSNTD technique are described in 
Chapter III, here a brief discussion of other detectors is 
given. 
2.1.1. Ionization Chamber 
If a pair of electrodes is placed in and on opposite 
sides of a gas filled chamber, the ions formed by irradiation 
of the gas between the electrodes can be collected. As the 
potential across the electrodes increases, there is an 
increase in the number of ions that are collected before 
recombination occurs (Figure 2.1). These correlative 
increases continue until all the ions caused by the radiation 
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within the sensitive volume are collected (saturation vol-
tage) ; then a further increase in the voltage has no effect 
upon the number of ions collected, and the ion current 
between the electrodes is constant (saturation current). The 
voltage region over which all the ions are collected is 
termed the ionization region. 
At the end of the ionization region, the applied poten-
tial accelarates the ions sufficiently that they themselves 
start ionizing and cause secondary ions. The ions collected 
are both primary and secondary, and their total number at a 
given voltage is proportional to the number of primary ions. 
The constant of proportionality is called the gas amplifica-
4 
tion factor and varies from 1 to about 10 across the propor-
tionality region. 
The voltage region immediately above the proportionality 
region shows a further increase in the total number of ions 
collected, but the strict proportionality to the number of 
primary ions no longer holds. This region is the region of 
limited proportionality and is ordinarily not used for 
measurements. 
A voltage is reached where an avalanche of ions is formed 
and the number of ions collected is independent of the number 
of primary ions. This is the Geiger region and shows gas 
6 9 
amplifications of about 10 - 10 , even at one voltaoe. 
Beyond the Geiger region lies a region of continuous discharge. 
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Ionization chamber operates in the ionization region 
and having a gas amplification factor of 2, therefore, the 
pulse from a f3 or a y-ray is very small indeed. These small 
pulses require such a very high amplificiation to activate a 
scaler for counting that an ionization counter is seldom 
used except only for a, fission fragments and possibly deu-
trons. Ionization chamber, in simple form consists of a 
cylindrical conducting chamber containing a central electrode 
insulated from it (Figure 2.2). The gases used in it are 
usually air or hydrogen at atmospheric pressure, or greater 
pressure for y-ray detection. For the detection of thermal 
neutrons, boron is introduced in the form of BF^. 
2.1.2. Scintillation Detector 
This detector makes use of one of the several substances 
called scintillators which, when struck by a single particle, 
convert some of the energy received in the collision into a 
flash of visible light. The process is called the'scintilla-
tion'. It is possible to watch a scintillator and count the 
flashes of light, iviodern techniques, however, combine a 
scintillator with a photomultiplier (PM) tube, which converts 
the light flashes into an electric pulse. This pulse can be 
recorded electromechanically. 
The cliief advantages of a scintillation detectors are: 
ii) It is very fast, i.e., it gives a pulse and. comes back 
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in original state to give another pulse in a.very short 
—R 
time (— 10 second). 
(ii) In many applications it can be made to give a pulse 
size proportional to the energy lost by the incident 
particle in the scintillator. 
(iii) It has higher efficiency of detection for gamma rays 
than gas filled detectors. 
Figure 2o3 is a schematic diagram of a scintillation 
detector used in a counting system. The nuclear particle 
being Detected produce a flash of Jight in the scintillator. 
By means of the pipe and reflector, a large fraction of the 
light is transmitted to the photocathode of the photomulti-
plier tube. The photoelectrons emitted at the photocathode 
are raultipljed many times by the electron-multiplier section 
of the photomultiplier tube. The resulting current pulse 
produce a voltage pulse at the input of the preamplifier. 
This pulse, after passing through the discriminator and pulse 
shaper, is counted by the electronic counter. Alternatively, 
the electronic counter could be replaced by a differential 
pulse-height analyser, as in the scintillation type 
spec trometer. 
A wide variety of scintillators are in use today. Some 
important ones are anthracene crystal, trans-stilbene crystal, 
some organic liguids, some gases, Csl, Lil(Sn), Nal(Tl), 
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ZnS(Ag), etc. The elements represented in brackets are called 
activators. They are present in a very small quantity. The 
presence of activator increase the efficiency of the scinti-
llator. For yi'ays > Nal(Tl) crystals are used, for fi-particles 
like polystyrene imprignated with anthracene are used and 
for a-particles, thin layer of ZnS, deposited on the photo-
multiplier or on a plastic surface is commonly used. For 
heavy particles a scintillator is 10C);/< efficient and a reso-
lution of about 4/. is easily obtained with ceasium iodide 
a-particles of energy 5 MeV. 
2.1.3. Semiconductor Detectors 
The development of semiconductor radiation detectors 
during the last two decade has completely revolutionized the 
field of nuclear radiation detectors. As an analogy, they 
can be considered as ionization chambers where the gaseous 
medium is replaced by a semiconducting solid. In a semi-
conductor detector, ionizing radiation produces ion pairs 
which are collected by the electric field applied externally, 
and the detector gives an electrical pulse which is propor-
tional to the energy of ionizing radiation. Semiconductor 
raoiation detectors offer many advantages over gass-filled 
or scintillation detectors, as for example (i) better 
resolution, (ii) better stability, (iii) windov^less opera-
tion, and (iv) easier discrimination between different 
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ionizing particles. A typical system of alpha particle 
spectrometer using silicon detector is shown in Figure 2.4. 
The basic features of two commonly used semiconductor detec-
tors used in radon monitoring are discussed here. 
2.1.3.1. Surface barrier detector 
A silicon surface barrier detector has been very widely 
used for alpha particle detection. It consists of an extreme-
ly thin p-type layer produced on a high purity n-type silicon 
wafer, thus forming a large area p-n junction diode. A 
n-type silicon wafer is taken and one of its faces is etched 
with an acid andexposed to the air. An oxidation layer is 
formed on the etched surface and this layer acts like a very 
thin p-type layer. The detector then function like p-n 
junction. Good electrical contacts are provided by evaporat-
—2 ing thin gold film (•>^ 40 ^ ig.cm ) on the back surface of 
n-type silicon layer as shown in Figure 2.5a. Surface 
barrier detectors of various types are now commercially avai-
lable and they have surpassed other detectors for charged 
particle detection because of their long-term stability, 
small size, negligible window absorption and linear (pulse 
height versus energy) response over a wide range. The alpha 
particle sjLectra from radon and its daughters obtained by 
silicon barrier detection system (Bigu, 1986) is shown in 
Figure 2.6. 
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2.1.3.2. Diffused junction detector 
A diffused junction detector consists of a junction of 
p-type and n-type silicon. One starts with a slab of p-type 
silicon (doped with boron) and diffuses phosphorous into one 
face of the slab to make it n-type. Such a p-n junction, in 
the absence of applied electric field, will have many free 
holes in the left (p-type) side and many free electrons on 
the right (n-type) side. Under the influence of an externally 
applied field,electrons will be swept to the right and holes 
will be swept to the left. As a result, an intermediate 
volume.around the inter-face will be cleared of carriers of 
both signs and this region is called the depleted region or 
depletion layer. The depletion layer offers ideal condi-
tions for the detection of ionizing radiation because it has 
semiconductor material free of carriers. Passage of ionizing 
radiation (Figure 2.5b) will create hole-electron pairs which 
will be swept towards the electrodes by the applied field and 
pulse obtained to signal the passage of ionizing raoiation. 
The alpha particle spectra from radon and its daughters 
obtained by diffused junction system (Bigu, 1986) is given in 
Figure 2.7. 
2.1.4. Thermoluminescent Detector (TLD) 
The phenomenon of thermoluminescence (TL) has been known 
since 1663. The essential features of the phenomenon of 
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sample using the SiDJ detection system 
(Bigu, 1986) . 
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therrnoluminescence are as follows: when radiation is incident 
on insulating crystals, some of the deposited energy .is stored 
in the lattice at defect sites, colour centres, etc. Upon 
heating the crystals, this energy is released and fraction of 
it may be emitted as visible light, prior to the onset of 
black-body radiation. This phenomenon is known as therrnolu-
minescence. Within certain limitations, the amount of light 
emitted is proportional to the radiation dose previously 
absorbed by the crystal. 
The essential components of a TL detector are a heating 
system to increase the temperature of the phosphor (thermo-
luminescent material i.e. LiF? Mg, Ti; Li2 B^ 0-,: Mn; CaSO.: 
Mn; CaSO.: Tm; CaSO^: Dy) in a controlled manner; a device 
to detect the light output and convert it into an electrical 
signal; some means of measuring this signal; and finally a 
device for recording the signal. 
Heating of the sample is usually achieved by ohmic heat-
ing, i.e. an electrical current is passed through a metal 
strip onto which the sample is placed. Alternatives include 
the use of streams of hot gas or of an infrared heating 
temperature. The temperature may be monitored by means of a 
thermo-couple, one junction of which is usually welded to the 
bottom of the heating strip. The signal from the thermo-
couple can be fed back to a temperature controller which 
ensures that the te;,.perature increases in the desired manner. 
109 : 
Heating may take place in air, but some phosphors are heated 
in oxygen-free N2 or Ar in order to eliminate spurious 
sources of luminescence such as chemilyminescence or tribolu-
minescence. 
Lic^ ht detection is usually performed with a photomulti-
plier (PM) tube. A lens is sometimes used to focus the 
emitted light onto the photocathode. In order to optimize the 
sensitivity of the system it is important to try to match the 
response of the photocathode to the wavelength of the TL 
emission. Even when no light is incident on the photocathode, 
a small current is produced owing to thermionic emission. For 
sensitive work it may be necessary to reduce this by cooling 
thePM tube. 
In many systems the current from the PM tube is amplified 
by a. dc amnieter (electrometer) , and this current is used to 
derive the Y-axis mechanism of a chart recorder. ^ signal 
from the thermo-couple is then used to derive the X-axis 
mechanism of the recorder. An alternative method, often 
used in TL dosimetry, is to digitize the PM signal using a 
charge-to-pulse converter and then to count the resulting 
pulses. The total number of pulses counted is proportional 
to the integrated light output from the phosphor. 
In order to check for changes in sensitivity of the TL 
reader, many devices, particularly commercial systems, in-
corporate a reference light source, and the signal produced 
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by this source is measured at frequent intervals. A sche-
matic diagram of a TL readout system incorporating the above 
mentioned features is shown in Figure 2.8. 
TLDs will readily respond to a,p and y radiations. The 
response to neutrons will be small unless a nuclide which 
yields ionizing particles upon interaction with incident 
neutrons can be incorporated into the phosphor. The TL out-
put from a sample is usually directly related to the radiation 
dose absorbed by that sample. It can write: 
1 = a D + C ... (2.1) 
where a is the TL output per unit dose and C is the back-
ground level of TL, i.e. the TL obtained for zero dose. A 
good TL dosimetry phosphor should have a high sensitivity 
(i.e. a high value of a), also the zero dose output should be 
low, particularly for use in personnel dosimetry where rather 
low doses need to be measured. It is also important that the 
glow curve peaks to be used for personnel dosimetry -purposes 
should be stable against fading at normal ambient temperatures, 
i.e. --^  20-30°C. For environmental monitoring stability at 
temperatures upto ^ -^  50°C may be necessary. On the other hand 
the glow peaks should not occur at such high temperatures 
that interference from black-body radiation becomes important. 
EHT : 111 : 
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2.2. RADON MEASUiBvlENT USING SSNTD 
Solid state nuclear track detectors can be used both 
as a active and passive devices for radon measurements. In 
active devices, airborne particulate are collected on a 
filter paper by sucking air through it by an air flow system 
and the track etch detector is placed in the immediate vici-
nity of the filter to record alpha particle emission from 
the collected daughter nuclei. Such a device was used by 
Abu-Jarad and Fremlin (1981) called a 'Working Level Monitor'. 
Several other active dosimeters are employed by many investi-
gators (Frank and Benton, 1977) for radon measurements. These 
dosimeters have some disadvantages like dust clogging on the 
filter which causes a decrease in the air sample rate of the 
pump. These dosimeters can not be used for environmental 
monitoring on a large scale since some of them are laborius, 
time consuming and uneconomical. 
Passive dosimeters do not rely on collecting the daugh-
ters. Their sensitivity results from contact with the ambient 
air and the recording of alpha particles emitted by air-borne 
radionuclei. Passive dosimeters have the advantage of rela-
tive simplicity of design when compared to the active dosi-
meters. Equipment size and costs are less and troubles with 
air pump and filter sampling are avoided. Track etch 
detectors have more favourable characteristics for use as 
passive dosimeters. The following configurations are generally 
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used by the workers for passive radon measurements with track 
etch detectors. 
2.2.1. Upen Cup 
A plastic cup of 9.5 cm height, 6.8 cm diameter at the 
open month and 5.4 cm diameter at the bottom is fitted with 
a 0.8 X 2.5 X 0.2 cm plastic Track etch detector attached to 
the inside bottom. The open cup has been used for hundreds 
of thousands of soil gas measurements for mineral exploration 
and for earth-quake prediction. This confiquration measures 
the primary radon alpha particles originating within the cup 
and the RaA and RaC alpha particles coming from the plated-
out nuclides on the walls of the cup. The track etch reading 
for an open cup is not only a function of radon and radon 
daughter activities but also of the plate-out characteristics 
of the ambient atmosphere. 
2.2.2. Membrane Cup 
The open mo th of the cup is covered v;ith a semi-permeable 
plastic membrane (ward, 1977; Fleischer et al., 1980). The 
membrane slows the normal aiffusion of noble gases into the 
220 
cup and thus discriminates against Rn(Twp = 55 Sec) while 
222 
permitting 60-70-/. of Rn (T-L/2 = 3.8 days) to enter the 
cup. This configuration is mainly used in exploration to 
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eliminate thoron interference and water condensation. The 
MEiViB configuration also prevents the entrance of radon 
daughters and is a'radon only* device. 
2.2.3. Filter Cup 
The open mouth of the cup is covered with a hydrophobic 
microporous filter (Celanese Corp.-, Celgard 4510) which 
permits complete infiltration of radon isotopes but discri-
minates against the non-gaseous radon daughters. Because of 
its higher sensitivity to radon, the FILT configuration is 
preferred to the membrane in all radon-only applications where 
thoron is not an important component. 
2.2.4. Bare Detector 
The detector is mounted flat on a card such that it views 
a hemisphere of air of radius at least 9.1 cm, the range of a 
212 214 
Po alpha in air, or 6.9 cm, the range of the Po alpha 
222 (if only the Rn decay series is present). No surfaces 
should be closer than this range as daughter plate-out would 
then add an indeterminant alpha particle source to be regis-
tered on the detector. The bare detector measures radon plus 
ambient daughters and is sensitive to plate-out only with 
respect to daughters plating out directly on the detector. The 
track etch rading of a BARE detector will therefore, be a 
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function, not only of radon, but of the degree of equilibrium 
of radon with its daughters. 
2.3. ALPHA PARTICLE DETECTION THEORY BY TRACK ETCH 
DETECTORS 
The specific alpha activity can be calculated by using 
the relation (Kvasnicka, 1986) 
o = K aj^  t ... (2.2) 
where o (cm ) is the measured track density, a is the 
specific alpha activity (Bq.Kg ) and t is the irradiation 
time. K (cm .g) correspond to the calibration factor. 
Nuclear track etch detectors may be divided into two 
categories: the thin and thick nuclear track detectors. 
2.3.1. Irradiation Geometry of Thick Source 
A thick alpha particle source is characterised by its 
thickness, h, which is greater or equal to the Range, 
—2 R,n (g.cm ), of the alpha particles of primary energies 
EQ (MeV). The relationship describing the range, R^ is 
Rm = 0.32 X 10 ^ Z^/^ R^^^ (Eo) ... (2.3) 
where Z is the atomic number of the source material, R . (E ) 
air ^ o^  
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is the range of alpha particles of energy EQ in the air. 
The Range of the alpha particles in the air is 
R .^  = 0.32 E^-^ ... (2.4) 
d X X 
The energe t ic and angle spec t ra of the alpha p a r t i c l e s emi-
t t ed by a surface un i t of the thick source i s given by 
(Abrosimov and Kocharov, 1962) 
2 - a „ dR^, 
Cos 0 . . . ( 2 . 5 ) d ag m m 
dE dcos 0 2 dE 
The energy dependence of t h i s formula is v i s i b l e if equation 
(2.3) i s s u b s t i t u t e d for R^^^  in equation (2.5) 
d ' - s 
= - i a „ 0 . 3 2 X 1 0 " ^ 7?''^ n A E""-*" Cos 9 
dE dcos 9 ^ 
( 2 . 6 ) 
The detection sensitivity of any nuclear track detector 
depends on the alpha particle energy as well as on alpha 
particle incident angle 0, the detection sensitivity, TI(E,9), 
of the cietector is defined as the ratio of the through etched 
—2 
track density, a(cm ) to the fluence density of alpha parti-
cles fallen on the detector surface. 
For a particular track oetector response (or calibration 
factor) it is more convenient to simplify the experimental 
sensitivities, •n(E,9) by the detection sensitivity function 
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r]* [E,9(E)]o 
Ti* [E,0(E)] = 1 if e 4: 9^(E) 
Ti'' [E,0(E)] = 0 if e > 0c(E) ... (2.7) 
where ©c^^'' ^^ ^^® critical angle of detection which is 
energy dependent. 
In the case of thick alpha particle source irradiation 
geometry the critical angle for a certain alpha particle 
energy is defined by the following function normalization 
which uses the angle spectra of particles emitted from the 
thick source, 
/"^  Ti(E,e) Sin 9 Cos 9 d9 = ^ T]* [E,9(E)] [l-Cos^©, (E) ] 
(2.8) 
2 . 3 . 2 . Detector Response 
Track dens i t y , a(cm~ ) , corresponding to the spec i f i c 
alpha a c t i v i t y , a^ j^  (Bg.g )» of thick source is obtained by 
m u l t i p l i c a t i o n of equat ion (2,6) by the de tec t ion s e n s i t i v i t y 
funct ion ri(E,9) and i t s subsequent i n t e g r a t i o n 
a = / 2 / = ' E ^ , ( E , 9 ) i a , 0.32 x IQ-^ Z^/^ „ ;, gn-l 
E, o 
2 m 
Cos 9 dE dCos 9 t . . . ( 2 . 9 ) 
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where t(s) is the time of irradiation. 
AS for the theory of alpha activity detection by the 
track etch technique, its main building stone is the ratio of 
nuclear track density to the thick source surface alpha parti-
cle flux density. The constant ratio C can be derived as: 
,n-l „* ,>„.2, 
C = 
n I E^'"- x] [Ei 0(Ej_)J [l-Cos-^Q^lEi)] A E 
El 
E2 - t^ 
(2.10) 
Using equations (2.8) and (2.10) the track density in 
equation (2.9) becomes 
o = 
if 
K = 
"^^  rx TO in-3 A -72/3 
— 0.32 X 10 A Z ^  4 et C (E^ E?) t (2.11) 
j^ 0.32 X 10"^ A C (E2 - E") 
then 
o = K z2/3 a^ t (2.12) 
It is obvious from equations(2.11) and (2.12) that if the 
top energy detection threshold E2 is lower than the primary 
alpha particle energy the response of the nuclear track 
detector to the specific alpha activity of the thick source 
does not depend on the alpha particle energy. The only factor 
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which has to be known or estimated is effective proton 
2/3 
number of the source material (Z C is computed from 
Bragg's relation) 
l?!^ = I Wi Z?/^ , ... (2.13) 
ei ^ 
where Wj^  is the mass ratio of element i with the proton 
number Z^ in the sample. 
2.4. KADQN DAUGHTERS COICENTRATION 
Radon daughters concentration in terms of working level 
(WL) can be calculated by track etch detectors. For WL, one 
must know the degree of equilibrium between radon and its 
short-lived daughters. The equilibrium factor for radon 
daughters is expressed as: 
3700 X Cp^ ^ 
Tpn ~ p .»• V2.14^ 
"" ""Rn 
where CQ^ is the potential alpha energy concentration in 
working levels (WL) of radon daughters, and Cn„ is the acti-
Kn 
_3 
vity concentration of radon in Bq.m . A value of 0.45 has 
been adopted for calculating the radon concentration in the 
present study as reported by Subba Ramu et al. (1988) for 
Indian dwellings. The values of equilibrium factor for diff-
erent countries reported by several investigators are 
presented in Table - 2.1. 
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Table - 2.1 
Equilibrium Factor in Different Countries 
S.No. 
1. 
2. 
3. 
4, 
5. 
6. 
7. 
8. 
9o 
Country 
F.R.G. 
Norway 
U.S.A. 
U.S.A. 
Sweden 
Aus tria 
U.K. 
Finland 
Canada 
No. of 
Dwellings 
130 
25 
2 
21 
63 
250 
200 
35 
-
Equili-
brium 
factor 
0.30 
0.50 
0.40 
0.60 
0.40 
0o62 
0,50 
0.47 
0o38 
Reference 
Killer and Folkerts 
(1984) 
Stranden et al., 
(1979) 
Wilkening and 
Wicke, (1986) 
George and Breslin 
(1978) 
Swedjemark,(1978) 
Steinhausler (1980] 
O'Riordan (1981) 
Makelainen (1980) 
Letourneau (1978) 
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Plastic detector 
Brick or wall 
Figure 2.9. The can qeometry showing the position 
of the CH-39 detector. 
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2.5. RADUN EXHALATION RATE 
••To measure the radon exhalation from building materials 
a 'Can Technique' was developed (Abu-Jarad et al,, 1980; 
Abu-Jarad and t-remlin, 1983) , in which a plastic track detec-
tor was placed in a small impervious vessel (Figure 2.9) which 
was sealed by plasticin to individual brick. In each 'Can' 
one plastic detector was kept at a distance 2 mm away from 
the surface of the wall or brick. The can dimensions were 
4.5 cm in height and 7.0 cm in diameter used in present inves-
tigations. The area of the brick covered by the can was 
2 38 cm . The detector was freely exposed to the emergent 
radon so that it could record the decay of radon in the whole 
volume of the can and that of Po and Po deposited on 
the inner walls of the can. This would reach an equilibrium 
concentration after a week or more; hence knowing the geometry 
of the system and time of exposure, the equilibrium acitivity 
of emergent radon could be obtained. 
This technique can be used to find the radon exhalation 
rate from the building materials as well as the activity of 
radon inside the can. To measure the exhalation rate the 
following equation was used (Abu-Jarad et al., 1980): 
C V V A 
E^ = ^ 1, -M ,: ••• (2.15) 
T + -^ (e -1) 
where Ex is the radon exhalation per unit area and per unit 
: 123 : 
-2 ^-Ix 
• tiir.e (pCi .m .h ; , 
C: is the integrated radon exposure as measured by the 
plastic track detector (pCi.m .h), 
T: is the exposure time, 
V: is the volume of the can (m ), 
A: is the decay constant of radon (h ), 
2 A: is the area covered by the can (m ), 
2.6. HAbON DAUGHTER EXPOSURE 
2.6.1. Working Level (v\L) 
The 'working Level' used for the radon daughter exposures 
now a days is a unit of radon daughter concentration. The WL 
unit was introduced in 1957 by the USPHS with the words 'a 
working level of 1.3x10 MeV of potential alpha energy per 
litre is suggested for radon daughter products (RaA, RaB and 
RaC).' 
A 1968 wording for the definition of the working level 
unit could read: 'one WL is any combination of the short-lived 
daughters of radon (RaA, RaB, RaC and RaC') in one litre of air 
that will lesult in the ultimate emission by them of 1.3x10 
MeV of alpha-ray energy' (Evans, 1969). 
The WL unit was proposed about 1957, following recognition 
that the airborne radiation exposure of the human lung is 
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predominantly due to radon decay products RaA, RaB, RaC and 
RaC filtered out of the respired air by the lung, and not to 
the radon gas. Accordingly, the WL unit takes no cognizance 
of the concentration of radon in the air. It is concerned 
with only the short-lived decay product of radon because a 
fraction (typically 20-45/.) of all of these which are inhaled 
is retained in the lung. The WL is concerned with only the 
alpha radiation because the beta and gamma radiations emitted 
by RaB and RaC make a negligible contribution to the radiation 
dose in the lung, which is predominantly due to alpha particles 
emitted by RaA and RaC. Every atom of the beta-particle 
emitters KaB and RaC will decay, most of them within minutes 
or hours, into RaC and then will deliver the characteristic 
7.68 MeV alpha particle of i{aC'. Hence the alpha-particle 
energy associated with each atom of HaB and tiaC is referred to 
in some definitions of WL as 'potential' alpha particle 
energy. 
Each atom of RaA can deliver not only its own characteris-
tic 6.00 MeV alpha-particle energy, but after each RaA atom has 
decayed through RaB and RaC into RaC it can deliver the 7.68 
MeV alpha particle of RaC as well. Hence the 'ultimate' or 
'potential' alpha particle energy associated with each atom 
of i^ aA is 13.68 MeV. 
Each decaying atom of naC becomes an atom of the very 
long-lived nuclide Rab (T^^^ = 22 Yr.). During its long life 
: 125 : 
time a HaD atom is unlikely to remain in the lung, hence the 
alpha-particle energy of its subsequent decay product RaF 
( Po) is excluded from the WL definition, only the alpha-
particle energy of the short-lived nuclides RaA and RaC 
is included. 
5 
The numerical factor, 1.3x10 MeV, is derived from the 
a-decay energy ultimately delivered in the decay through RaC 
of an initial mixture of 100 pCi each of RaA, RaB, RaC and 
RaC, that is of the short-lived decay products that are in 
radioactive equilibrium with 100 pCi of radon. The relevant 
numerical parameters are shown in Table - 2.2. Note the fact 
that 100 pCi of RaA contributes only about 10/. of the ultimate 
or 'potential' a-particle energy in the equilibrium atmosphere 
visualized for the definition of vVL. The largest contributor 
is RaB, which accounts for 52/. of the ultimate a-particle 
energy, even though RaB is a beta- and gamma-ray emitter with 
no alpha-particles of its own. The reason for the great 
importance of RaB lies in the fact that it has the longest 
half-period, and therefore it supplies the largest number of 
atoms per lOU pCi of activity. Analogously the atoms of the 
other beta- and gamma-ray emitter, RaC, supply 38/ of the 
ultimate a-particle energy, while 100 pCi of the actual 
a-particle emitter RaC, contribute nearly nothing because of 
the short half-life and small population of atoms of RaC 
in equilibrium air. From this data it can be seen that if 
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C^, CT and C^ are the activity concentrations of RaA, RaB 
and RaC in pCi/1, then 
WL = (134 C2 + 659 C3 + 485 C4)/(1.3x10^) 
or 
WL = 0.00103 C2 + 0.00507 C3 + 0 .00373 C^ 
(2 .16) 
2.6.2. Wokrinq Level Month (WLM) 
For radiation exposure, the working level unit of short-
lived radon daughters concentration should be multiplied by 
an average breathing rate in 1/min, by an average fractional 
retention in the lung, and by the duration of exposure. 
Actually the breathing rate and the fractional retention are 
generally omitted, and exposure is estimated as a product of 
WL and time. Most commonly the unit of time is an average 
month, that is 170 working hour. Then the exposure is ex-
pressed as 'Working Level Month', the product of WL and 
duration of exposure, normalized to a 1-month exposure basis, 
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CHAPTER - I I I 
SOLID STATE NUCLEAR TRACK DETECTORS 
SOLID STATE NUCLEAR TRACK DETECTORS 
3.1 INTKUb'JCTlON 
. The field of solid state nuclear track detectors (SSNTDs) 
is about a quarter century old now. It was noticed that heavy 
charged particles produces subrnicroscopic tracks in many insu-
lating solid materials including crystals, inorganic glasses 
and plastics (Fleischer et al., 1972). These subrnicroscopic 
tracks consists of radiation damaged materials produced by 
the passage of the heavy charged particles. The damaged re-
gions are narrow and can be developed to suitable size for 
optical viewing under the microscope, they were first observed 
by Young of Atomic Energy Research Establishment, Harwell 
(Young, 1958). In the paper reported in 1958, the observation 
of fission fragment tracks in lithium fluoride (LiF), which 
are suitably etched with an etchant consisting of concentrated 
HF (1 part) and glacial acetic acid (1 part) saturated with 
ferric fluoride, were published. 
The submicroscopic tracks can also be observed directly 
at a high magnification in an electron microscope as reported 
by Silk and Barnes (1959). They observed fission tf-acks in 
mica and concluded that the tracks were less than 300 A in 
diameter and greater than 4 (im in depth. The above observa-
tions were purt of the experiments conducted to study the 
nature of damage produced by radiation such as fission frag-
ment in different materials. 
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The credit of development, from the above findings of a 
new particle detector with important advantages over earlier 
detectors in certain nuclear service applications, therefore, 
goes to Fleischer, Price and Vi/alker of General Electric 
Company, Research and Development Centre, Schnectady (New York), 
wlio began their studies in 1961 from where Silk and Barnes had 
left. Their objective was to explore the utility of SSNTD in 
nuclear research and took for fossil tracks of cosmic ray 
induced events in meteorites. 
Since then the field has grown to such an extent that there 
is hardly a branch of science and technology today where it 
does not have an application. Some of these fields are fission 
and nuclear physics, space physics, study of meteoritic and 
lunar samples, cosmic rays, particle accelerators and reactors, 
metallurgy, geology and archaeology, medicine and biology and 
others. Now-a-days the SSIMTDS become popular in many inter-
national and national laboratories as well and the extensive 
use of the detectors are going on. 
A list of commonly used solid state nuclear track detec-
tors is given in the comprehensive book by Fleischer, Price 
and vValker (1975), Basically these are grouped as inorganic 
crystals, inorganic glasses and high polymers (plastics). The 
plastics constitute the most sensitive grou[; and are commonly 
used in the study of heavy ions, cossnic rays, neutron dosimetry 
and radon/thoron dosimetry. Sensitivities of some commonly 
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used plastics are listed in Table - 3.1. 
One of the most sensitive plastic is CR-39 (Allyl 
diglycol carbonate) which is able to register protons and 
relativistic nuclei with charges ^ 20 (Cartwright et al., 
1978). It has been successfully used for the relativistic 
cosmic ray iron nuclei (Biswas et al., 1979). Kecently, it 
was reported that protons of energy upto ^^ 10 MeV can also be 
revealed by etching in CH-39 plastics (Rao et al., 1982). 
3.2. liaPOhTANT FEATURES OF SSNTDs AND THEIK CO[/^ PAKIS ION 
• 'WITH OTHER UETECTORS 
• The density of ionization-damage produced by a moving 
particle in solids is directly proportional to the square of 
its charge and approximately inversely proportional to the 
square of its velocity. This very property of charged parti-
cles has been used very successfully by various workers in 
the study of cosmic ray particles through nuclear tracks. 
It has been found, both theoretically and experimentally, 
that different materials have different sensitivities to 
nuclear particles. Organic polymers or plastics are found 
to be the most sensitive, some of which (Cellulose acetate. 
Cellulose nitrate. Cellulose acetate butyrate and CR-39) 
undergo detectable chemical changes when they are irradiated 
by low energy protons, deutrons and alpha particles etc. On 
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Table - 3.1 
Relative Sensitivities of Some Plastics 
Plastic Atomic structure Least ionizing ion seen 
Amber 
Polythelene 
Polyvinyl acetochloride 
Polymide 
Bisphenol A-polycarbonate 
(Lexan, Makrofol) 
Polyoxymethylene 
(Delrin) 
Polypropylene 
Cellulose nitrate 
(Diacell) 
Cellulose nitrate 
(Kodak-Pathe) 
Allyl diglycol carbonate 
(CR-39) 
C2H3O2 
CH, 
Full-energy fission 
fragments 
Fission fragment 
C^H902C1 
C11H4O4N2 
^ 1 6 " l 4 ° 3 
CH2O 
CH2 
C6"8^9^2 
C6H8°9^2 
^12" l8 ' ^7 
42 MeV -^^S 
36 MeV "^^0 
0 . 3 MeV "^He 
28 MeV ^"^B 
1 MeV "^He 
0 . 5 5 MeV """H 
0 . 1 MeV "^H 
10 MeV -^ H 
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the other hand, a few materials, e.g. some meteoritic mine-
rals are so insensitive that they record only the passage of 
heavily dau.aging nuclei such as low energy iron ions. Heavy 
ion irradiation and experience with cosmic rays have shown 
that each track-detecting material has a well defined threshold 
damage density below which no tracks are produced. This 
threshold characteristic has contributed significantly to the 
establisl-iment of the solid state nuclear track detectors as 
an important tool in many notable applications in the physical 
sciences. 
The important features of solid state nuclear track 
detectors can be summarized as follows: 
(i) The detectors are simple in construction and use; 
(ii) They are insensitive to light (c.f. nuclear emulsion); 
(iii) These detectors are very cheap and can be obtained in 
very small as well as very large sizes. Small detec-
tors can be used for measuring the particle flux in 
very inconvenient locations while large detectors can 
be used to record very rare particle events; 
(iv) A permanent record of particle tracks is obtained in 
them and can be left or stored for very long time un-
attended under severe environmental conditions like 
high temperature, :-ressure, humidity, radiation back-
ground and extreme mechanical vibrations; 
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(v) Heavy charged particles such as fission fragments can 
be recorded and distinguish from a very high background 
4 1 2 
of lighter charged particles like He, H, H, beta-
particles, X-rays and gamma rays (c.f. nuclear emulsions); 
(vi) Due to the fact that the detectors can be placed in 
direct contact with the fission fragment sources, a 
very high efficiency and sensitivity can be obtained^ 
(vii) These detectors also possess the charge and energy 
discrimination properties. The resolution for high Z 
particles obtained with plastics has been rei:5orted to 
be better than that with nuclear emulsions; 
(viii) The detectors have a considerable amount of geometric 
flexibility, and are therefore, particularly useful 
in angular distribution measurements; 
Un comparing the properties of SSNTDs with other detectors, 
it can be easily observed that SSNTDs have many advantages over 
other detectors in general, and nuclear emulsions in particular. 
The fact that they can be placed in direct contact with the 
fission sources and the fission fragment can be recorded and 
distinguish in a mixed field of unwanted light charged parti-
cles, neutrons and gamma rays, has made these detectors 
extremely useful in experiments where fission reaction rate is 
very low (Khan and Durrani, 1972) and a very high detection 
efficiency is required. 
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Light charged particles such as He, He, H, H and H 
were detected by the use of SSNTD and attempts were made to 
make some reasonable estimates of their energies. SSNTD was 
also applied in the study of (a) mass and energy distribution 
of fission fragments (Ait-Salem et al., 1963) and (b) blocking 
or chanelling phenomenon in single crystals (Fleischer et al., 
1975). 
Despite these advantages, these detectors suffer from 
some disadvantages. The basic disadvantage with these detec-
tors is that only a part of the total length of the particle 
trajectory can be seen and the part that has been etched off 
can not be recovered. Also very accurate energy determination 
is still not possible with these detectors. 
3.3., APPLICATIuNS OF SSNTDs 
The technique of solid state nuclear track detection has 
found applications in almost every branch of science. The 
applications range from nuclear physics to biology, from the 
depths of the earth into the distant space, from the small to 
the large, and from ancient to the recent. Some of the main 
applications are given below; 
3.3.1. Nuclear Physics 
As the SSNTD system can perform free detection of heavy 
137 ; 
charged p a r t i c l e s ( l i k e f i s s i o n f ragments ) i n the p re sence of 
h igh close of l i g h t charged p a r t i c l e s ( l i k e p - p a r t i c l e s e t c . ) 
and gaiiiina rays and as they can be made i n s e n s i t i v e t o neu t rons 
( i f d e s i r e d ; , they a r e i d e a l fo r f i s s i o n s t u d i e s . They have 
been employed a d v a n t a g e o u s l y in t h e d e t e r m i n a t i o n of s p o n t a n e -
ous f i s s i o n decay c o n s t a n t of a number of heavy n u c l i d e s 
(F l e rov e t a l . , 1964) . 
Some of the o t h e r i inpor tan t a p p l i c a t i o n s of s o l i d s t a t e 
n u c l e a r t r a c k d e t e c t o r s i n n u c l e a r p h y s i c s have been l i s t e d 
below: 
( i ) Ternary f i s s i o n was f i r s t observed in 1963 ( F l e i s c h e r 
e t a l . , 1966 ) . 
201 (ii) Fission barrier and the saddle point mass of Tl 
was determined by Burnett et al. (1964). 
(iii) Synthesis of element 104 was demonstrated (Flerov 
et al., 1965) . 
(iv) Flerov et al.(1964) measured the excitation functions 
and the isomeric yield ratio for the 14 ms fissioning 
isomer from deutron irradiation of plutonium. 
(v) Determination of tlie isotopes of element 102 with mass 
251 to 258 took place in 1966 (Flerov et al., 1966). 
(vi) Angular an-isotropy and nuclear pair correlation effe-
cts in nuclear fission were observed by Smirenkin et 
al. (1968). 
; 138 : 
(vii) A number of track detectors were used in the investi-
gations on the ternary photofission (Medveczky and 
Soniogyi, 1970). 
(viii) Hich energy photofission of heavy and medium heavy 
elements was achieved (ivlethasiri and Jahansson, 1971). 
(ix) Determination of charge and energy of fragments 
emitted in relativistic heavy ion reactions were made* 
(x) The determination of picobarn cross-section for the 
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electrofission of Hg was reported by Chung in 1973 
(Chung, 1973). 
(xi) In 197[), some very energetic heavy fragments from 
relativistic heavy ion reactions observed by Crawford 
et al. (197b). 
(xii) Some rare multiprong events were observed (Khan et al., 
1980; Brandt et al., 1980). 
3.3.2. Geology and Archaeology 
Almost all materials are known to contain traces of na-
tural uranium. Over the geological period, some of the 
uranium atoms decay through the spontaneous fission process, 
thus producing fission fragments. These fission fragments 
while flying apart create latent damage trails. The density 
of these 'natural' latent damage trails is given by 
^ = K.C. Age ... (3.1) 
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where C = uranium contents of the sample; 
Age = age of solidification of the sample; 
K = a constant, function of the geometry of the 
surface analysed, and the range of the fission 
fragments in the material. 
By exposing the same s.ample with thermal neutrons, and 
counting the 'induced' track density, 'C and hence 'K' are 
estimated. Thus the 'Age' of solidification of the sample can 
be determined (Fleischer et al., 1975). This method of dating 
known 'Fission Track Dating' has been established over the 
years and is now considered to be a standard technigue v^/ith 
certain unique advantages over the conventional methods. It 
has been extensively used for the dating of geological, archaeo-
logical and cosmological samples. The method has been success-
fully applied in studies like Ocean Bottom Spread and the 
Continental Drift (Fleischer et al., 1975). 
The scanning of individual tracks enable to find not only 
the contents but also the distribution of elements like Pu, U, 
Th, B, Pb, Bi etc. in the sample of interest. This method was 
extended to study the diffusion of the atoms of various ele-
ments in geological materials under varying environmental 
conditions. 
The method of 'Fission Trdck Datinci' v^ as apfjlied success-
fully to date a number of arcl"ieological samples. The range of 
applicability extended from the 'Stone Age' to the very recent 
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one. The track studies of ' iioman Glasses' and the 'Franchtic 
Cave' obsidians have yielded extreriiely interesting information 
regarding the Roman period' and the history of Seafaring near 
the Greek Mainland (Durrani et al., 1971). 
3.3.3, Cosmology 
Plastic and glass track detectors have been employed in 
studying the cosmic ray fluxes at high altitudes of the earth 
and on the surface of the moon. The track studies of Apolo 
and Luna samples yielded important information concerning the 
past radiation and thermal histories, and the dynan-ic processes 
of lunar surface. These studies when coupled with microcrater 
work provided useful information about the composition and 
fluxes of micrometeoroid in space as a function of time 
(Smith et al., 1974). 
The track studies of meteoritic objects made possible the 
measurement of the duration of various types of space exposures 
and provided information about the following processes! 
(i) The erosion and accretion rates on the lunar surfaces; 
(ii) The original size of meteorites prior to their loss of 
mass caused by ablation while entering the earth's 
atmosphere *, 
(iii) _The time of fall of tektites on the earth; 
(iv) The fluxes of cosmic ray particles existing during 
different periods in the past. 
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AS recent in 1966, the known cosmic ray spectrum extended 
upto only iron. This 'Iron Curtain' was broken by Fleischer 
and co-worker in 1967, during their track studies of meteorites 
(Fleischer et al., 1967). They discovered many trans-iron 
nuclei present in cosmic rays. 
Mcdougal and co-workers (1975), in track studies of 
meteorites, observed that the outer surfaces of the individual 
grains of certain meteorites indicated exposure to cosmic rays. 
Further work on these grains indicated that the grains enjoyed 
independent existence before joining to form bigger meteoritic 
bodies. The fission track analysis and cosmic ray exposures 
yielded information about the dates of their independent exis-
tence, and their later thermal and radiation histories. 
3.3.4. Biology 
If a tnin plastic track detector (previously bombarded 
with charged particles) is etched, 'through holes' are pro-
duced. The size, shape, number and the position of these 
holes can be controlled by the exposure and etching conditions. 
Detectors containing such through holes have been used in 
filtering of cancer cells from human blood. They have also 
been employed for cleaning air from dust [^articles and other 
G u->(.)erir. ions . 
Track detectors have also been used in the radiobiology 
of Plutonium. The iiuportance of these studies lies in the 
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fact that due to extensive involvement in plutonium production, 
the danger of its intake by the working personnel has in-
creased. Track detectors have been employed for mapping the 
locations of plutonium concentrations in living matter. 
There are two methods of getting the required plutonium maps. 
First, the detector is put in contact with the tissue and then 
the direct autoradiograph of natural alpha decay is obtained. 
A second more ra!.)id mapping is achieved by irradiation of the 
'detectors-tissue' assembly by thermal neutrons. The resulting 
fissi.on fragments yielded the required mapping. The results 
so obtained have shown that plutonium concentrates on bone 
surface and in particles within the marrow. Such studies have 
been made on rabbits, beagles, rats, and on human subjects. 
An image resolution of about ten microns has been achieved in 
these- experiments. 
3.3.5o Ancient Nuclear rteactors 
Some years ago, ancient natural nuclear reactor sites 
were discovered in Oklo (Gabon). Track analysis of crystalline 
materials collected from various locations yielded important 
information regarding (a) the reactor side, (b) the time period 
elapsed after the activity stopped, (c) the total time for 
which the reactors remained active, (d) estimates of the power 
levels ol the reactors, (e) burn up etc. 
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Furthtr analysis is expected to yield still more inter-
esting information regarding these ancient natural reactor 
systems. 
3.3.6. Bird Altimetry 
An interesting application of alpha sensitive plastic 
track detectors was made by Kristeansson et al. (1977). They 
built a simple integrating barometer and employed it for the 
measurement of the distribution of flight altitudes of birds 
(Kristeansson et al., 1977). They fixed an alpha source near 
a sensitive detector (the total v^ eight less than one grain) 
so that the alpha particles could reach only the nearest 
position of the detectors, vyhile the 'barometer' was on the 
surface of the earth. when the birds took the 'barometer' to 
higher altitudes, due to lower atmospheric density, the ranges 
of alpha particles increased. This caused the track formation 
further along the detector length. A study of the distribution 
of the ranges of tracks along the detector length, yielded 
interesting information about the distribution of the time 
spent by the birds at different altitudes. The results of 
these experiments provided the favorite altitudes of a variety 
of birds both in dry and wet weatherso 
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3.4. CR-39, A NEW ALPHA SENSITIVE PLASTIC TRACK DETECTOR 
In the recent past various types of dielectric detectors 
have become firmly established as more economic alternatives 
for the radiation dosimetry. LH-115 has been found to be 
quite vulnerable to environmental conditions, while the manu-
facturers of CA 80-lb (Kodak Pathe, hrance) oiscontinued its 
further fabrication and, instead, have introduced a new pro-
duct named CN-B5. Recently a new type of plastic track detec-
tor was reported (Cartwright et al., 1978; Cassau and Benton, 
1978). This new type of detector has been named as CR-39 
(manufactured by Pershore iviouldings Ltd., Pershore, U.K.) and 
was reported to have some unique characteristics (Al-Najjar 
et al., 1979). 
iv.ost plastic detectors suffer the physical disadvantages 
of inhomogeneity and anisotropy, after chemical etching these 
features manifest themselves in many ways including unevenness 
of track profiles, inhomogeneties of bulk etching rate giving 
rise to random surface pitting and different response charac-
teristics to etching between surfaces of the same sheet, 
together with other factors related to the amounts and distri-
butions of plasticizers and stablizers vyithin an individual 
sheet of plastic. CR-39 polymer is highly cross-linked 
thermoset prepared by polymerisation of diethylene glycol 
bis (allyl carbonatej monomer. The polymerisation is initiated 
by radicals and proceeds via the addition reaction of allyl 
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groups. The structure of the resulting polymer is a dense 
three dimensional network consisting of polyallyl chains 
joined by diethylene glycol dicarbonate links. The average 
length of polyallyl chain is relatively short (DP isSO) as 
the result of degradative chain transfer specific for poly-
merisation of allyl groups. The formation of a network 
during polymerisation is a special case of the percolation 
process ana can be modelled by a Monto Carlo simulation. The 
simulation predicts the distribution of cluster size, the gel 
point and the length distribution of the polyallyl chains as 
a function of monomer conversion. It can predict inhomogene-
ties in the cross-linking density which could explain some 
ananialous etching behaviour of CR-39 (Stejny, 1987). The 
polymerisation does not reach full conversion because the 
system enters the glassy state first. However, the residual 
mobility in the glassy state and the presence of chemically 
reactive group are responsible for physico-chemical aging of 
the polymer and the changes in the performance of CR-39 with 
time. The molecular structure of CH-39 polymer is given 
below: 
0 
/ 
0 
\ 
CH2 - CH2 - 0 - C - 0 - CH2 - CH = CH, 
CH,. - CH^ - 0 - C - 0 - CH^ - CH = CH^ 
11 ^ ^ 
0 , 
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CH-39 has an abrasion resistance similar to glass, a 
speciiic gravity of 1.32 (25°C), a reteractive index of 1.505 
(20°C) and is isotropic and homogeneous with respect to its 
ability to record ionizing radiation from alpha particles. 
Cross-linking after radiation damage of chemical bonds does 
not occur, hence effective track resolution is enhanced com-
pared with many other plastic detectors. It is resistant to 
most solvents except strong bases and highly oxidizing acids 
(Hamilton and Clifton, 1981). These are amongst the advan-
tages that make it superior to most other plastics commonly 
used for nuclear track detection. heproducibility of track 
production in the detector over a range of curing times and 
etching temperatures was excellent as indicated in table - 3.2 
(Clifton and Hamilton, 1981), in which measurements of the area 
of tracks at 90° incidence to the detector were recorded after 
241 irradiation of CR-39 with 5.5 MeV a-particles from Am. 
Comparing to other plastic detectors, CR-39 is extremely 
sensitive to ionizing radiation having a minimum detectable 
ionization z/p -^ 18 compared to -«30 for cellulose nitrate. In 
Taole - 3o3 approximate E • and E values in some plastic 
detectors are presented. CH-39 possesses a very high degree 
of isotropy and homogeneity and it records tracks of low energy 
alpha particles easily. The clarity of track recorded is 
unsurpassed and the signal-to-noise ratio unprecedented in 
CR-39 than cellulose nitrate and polycarbonate plastics. 
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Table - 3.3 
Limits of Le tec tab le Alpha P a r t i c l e Energies for 
Some P l a s t i c s 
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Type of plastic min (MeV) 
max 
(MeV) 
Lexan Polycarbonate 
Makrofol Polycarbonate 
0.2 0.4 
CA80-lf' Cellulose Nitrate 
CN-85 Cellulose Nitrate 
LR-115 Cellulose Nitrate 
Daicel Cellulose Nitrate 
0.1 4-6 
CR-39 Allyl Diglycol Carbonate ^0.1 >50 
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Exposures to a variety of gamma and beta particles (0.16 -
2.8 MeV) emitters for 1 h at a dose rate of 10 R/h at 
contact, no interference or impairment to the surface of the 
detector was observed. The effect of UV radiation on the 
damage tracks of alpha particles and fission fragments in 
CR-39 and lexan was reported by Wong and Hoberg (1982). They 
reported a 3C5^  increase in the track density caused by UV 
exposures while the track diameter is enhanced by 100^. The 
V-r/Vn and hence the efficiency remains nearly constant for 
CH-39 plastic. 
A number of investigators have measured the etching 
characteristics of CR-39 plastics under various concentrations 
of Na.OH and KOH (Green et al., 1982; Amin and Henshaw, 1981). 
These studies show that 6N NaOH at 70 C represents the 
optimum etching conditions for CR-39 (Green et al., 1982). 
The etching characteristics of CR-39 detectors measured by 
the author for radon monitoring show the same optimum condi-
tions as reported by Green et al. (1982), details are given 
elsewhere (Khan, 1986). 
It is established that the CR-39 plastic detector is the 
most sensitive detector among all available detector and thus 
applied in almost every branch of science and technology 
(Henshaw et al., 1981). CR-39 plastic track detector has 
proved the best for fast neutron dosimetry (Bradley et al., 
1986; Spumy et al., 1987; Pitt and Werner, 1988). 
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The results obtained so far strongly suggest that 
CR-39 is not only the most sensitive track detector existing 
today for the detection of alpha particles from radon and 
thoron, but that it also has some unique properties which 
make it an ideal track detector for radon/thoron measurement 
(Khan and Ahmad, 1981) and in alpha autoradiography (Henshaw 
et al., 1979; Fews and Henshaw, 1984). CR-39 plastic detec-
tor is capable of detecting highly relativistic nuclei of the 
iron group and of higher charges in the cosmic radiation 
Uiswas et al., 1979) . 
Some of the useful properties of CR-39 are mentioned 
below: 
(i) Among the plastic detectors, CR-39 plastic have 
maximum track registration efficiency. 
(ii) The track etch velocity for a certain heavy charged 
particles is the maximum in CR-39 plastic (Khan and 
Khan, 1983). 
(iii) Fission fragment and alpha particle latent damage 
trails on CR-39 are highly stable (almost negligible 
annealing at temperature as high as 200*^ C) (Khan and 
Ahmad, 1981). 
(iv) At present, CR-39 is the only plastic track detector 
which exhibits a combined linear and supralinear 
response (Luck, 1982). 
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(v) CR-39, is the most sensitive track detector at 
present. It registers tracks of intermediate energy 
ions of 0, 0 and C. Its efficiency for even 
light charged particles, such as protons and alpha 
particles having energy E <: 10 MeV/n, is the highest 
among the presently known plastic track detectors 
(Khan and Khan, 1983). 
3.5. FORMATION OF PARTICLE TRACKS IN SOLIDS 
It is well known that a charged particle passing through 
an electrical insulator, produces a narrow region of radiation 
damaged material, known as 'Latent Track' or simply as a 
'Track'. There are many theories given by the workers in the 
field to explain the meclianism of primary track formation. 
'The Thermal Spike Model' is the first one in this direction 
(Bonfiglioli et al., 1961). The model shows that the charged 
particles passing through the detector solid produces local 
heating and there is a phase change causing dislocations in 
the material. The 'Thermal Spike Model' could not be well 
established for the track formation because the experiments 
did not show definite correlations between the sensitivities 
of the" detector materials and temperature of phase changes. 
It was Fleischer, Frico and ,;aJ ker (1965) who gave the 
so called 'Ion Explosion Spike iviodel' which has successfully 
explained the track formation mechanism. According to this 
: 152 
model, a positively charged particle knocks out the orbital 
electrons of atom lying in and around the vicinity of its 
path, thus producing a cylindrical region full of positive 
ions. rhese positive ions thereupon repel one another, dis-
turbing ana distorting the regular lattice in a crystalline 
solid (Figure 3.1) and producing more or less cylindrical 
region. On the other hand, in an organic polymer, the 
charged particle breaks the long molecular chains by ioniza-
tion and excitation (Figure 3.2) and new species which are 
highly chemically reactive are formed. These latent damage 
trails can be seen at very high m.agnifications (30,000 X) 
unde-r a transmission electron microscope. However, the 
electron microscope is not suitable for the observation of 
these latent tracks for various reasons. These difficulties 
may be overcome by the use of an 'etching process', i.e., th 
damage trails can be 'developed' and 'fixed' by using an 
appropriate etchant (Young, 1958). 
Based on this model, the requirement for the track 
formation is that the Coulomb repulsive forces within the 
ionized region should be sufficient to overcome the lattice 
bonding forces, i.e., the electrostatic stress should be 
greater than the mechanical strength or bonding strength. 
If two ions in a material of dielectric constant ^ and 
average atomic specing a^ have received an average ionization 
of n unit charges e, the Coulomb forces between them is 
e 
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n e /^ao and the force per unit area or the electrostatic 
stress will be n e /^aQ * If Y is the Young's modulus of 
the detector material, the bonding force or the mechanical 
strength in the lattice is given by Y/10. Hence according to 
the model, the first condition for the track formation is that 
2 2 „ 
n e _Y_ 
, 4 10 
^^o 
or 
2 ^^^o"^ 
n > R E ^ o.. (3.2) 
lOe^ 
where H, cefined in equation (3.2), is called the 'Stress 
Ratio' and is a measure of the relative sensitivity of vari-
ous materials in which the tracks are formed. Thus the subs-
tance having smaller values of R, i.e., smaller value of 
mechanical strength, dielectric constant and lattice distance, 
should be more sensitive. The calculated values for stress 
ratio in some SSNTD are given in Table - 3.4, It is under-
standable that the plastics are more sensitive than inorganic 
glasses which in turn are more sensitive than inorganic 
crystals. Thiis conclusion is in complete agreement with the 
experimental results (Fleischer et al., 1965). 
3o6. TRACK HHGISTRATION CRITERIA FOK SSTiTD 
In SbKTD, the track of heavily ionizing particles can be 
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Table - 3.4 
Detector Mate r ia l s in urder of Increas ing S e n s i t i v i t i e s 
Detector Mater ia l 
Atomic 
number of 
l i g h t e s t 
d e t e c t a b l e 
c h a r g e d 
p a r t i c l e 
23 
2 0 
16 
15 
' 
13 
2 
1 
S t r e s s 
a a t i o 
(R) 
1.7 
1.3 
1.2 
1.2 
0 . 4 
0 . 4 
0 . 4 
0 . 5 
0 . 0 6 
0 . 0 3 
0 . 0 0 8 
0 . 0 0 9 
0 . 0 2 
C o m p o s i t i o n 
MgFeSiO^ 
ZrSiO^ 
Na2Ca3Al8Si i204O 
^ 9 1 . 5 ^ ^ 0 . 5 ^ ^ 2 0 6 
63P20^ :11U02 :8A1203 
QAggO: 9K2O 
6 7 S i 0 2 : 14Na20: 
14CaO:5Al203 
KAlSi30g 
S i 0 2 
KAl3Si30j^Q(0H)2 
KMg2Al2Si30^Q(0H)2 
'^16^14^3 
'^12'^16'^8 
C^H70^j_N3 
Olivine 
Zircon 
Laboradori te 
Hypers thene 
Phosphate g lass 
Soda- l ima g lass 
OrthocIcse 
Quartz 
Amber mica 
Potash mica 
Lexan polycarbonate 
Cellulose acetate 
Cellulose nitrate 
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revealed by a suitable chemical etchinq. The usefulness of 
these detectors depends primarily on the ability to register 
heavy particle tracks without being affected by a dense 
background of less highly ionizing radiation that does not 
form tracks (.Fleischer et al., 1965). 
In the earlier experiments (Price and ..'alker, 1962a; 
Price and Walker, 1962b), it was noticed that in SSNTD, 
certain particles will be able to produce an etchable tracks 
in a certain solid while others do not, others may produce in 
another solid and so on. For example, the alpha particle can 
produce an etchable track in cellulose nitrate, cellulose 
acetate and polycarbonate plastics but do not produce tracks 
in polythene plastics like melinex, hostaphan, mayler and 
terphan, but it was noticed that the fission fragments were 
able to register tracks in these plastics. It has also been 
observed that the mica, is good for registration of fission 
fragments and not for light particles. 
3.5.1. Total Energy Loss Hate Model 
Fleischer et al. (1964) suggested that in the solids, 
only those particle will register the tracks which have a 
total rate of energy loss of an ion greater than a threshold 
value of dh/dx i.e. {dE/dx)^^^^, required by that solid. This 
(dE/dx)^^^^ was considered to be the characteristic of the 
solid. 
1^ 7 
They calculated the values of (dE/dx) and plotted as 
a function of energy per nucleon for various heavy ions (Ne, 
Si, £, CI, Ar) in three solid detectors muscovite mica, 
lexan polycarbonate resin and cellulose nitrate. The data 
were consistent with the hypothesis that for each solid there 
exists a critical rate of energy loss (^E/dx)^^^^ such that 
particles losing energy more rapidly than this value produce 
continuous tracks with unit efficiency, while those deposit-
ing appreciably less energy per unit length produce no 
tracks . 
Energy-loss curves for muscovite mica for the ions of 
Ar, CI, S, Si and Ne between 0.35 and 10 MeV/n are shown in 
Figure 3.3. On these curves they displayed their observed 
data for long tracks, partial tracks and no tracks. It can 
be seen from the observations that in all the cases (for 
muscovite mica, lexan polycarbonate and cellulese nitrate), 
a transition region existed, above which the sensitivity of 
the detector is unity and below it is zero. In the case of 
transition region, also a partial registration of tracks can 
be observed. It can also be predicted that in cellulose 
nitrate plastic, the relativistic iron nuclei could be 
regis tereu. 
3.6.2. Primary lonisation Criterion for Track Registration 
Some new measurements on track registration in solids 
158 
15 
> 
rsr 
E 
en 
E 
X 
XJ 
LU 
10 
5 -
OL 
tracks 
P-Partial registration 
N-No effect 
1 2 3 4 5 6 7 8 9 10 
Energy/Nucleon (MeV/amu) 
F i g u r e 3 . 3 . Shows the ( d E / d x ) c r i t '^^ t h e 
t r a c k recjis t r a t i o n c r i t e r i o n . 
159 
made by Fleischer et al. (1967) suggest that the results are 
inconsistent with dE/dx criterion. The results show that the 
tracks will be registered in all three solids (muscovite mica, 
lexan polycarbonate and cellulose nitrate) at energy loss rates 
which are below the predicted threshold. Further, it was 
incorrect prediction that the relativistic iron nuclei should 
form tracks in cellulose nitrate. 
For this purpose they adopted the so called'Ion Explosion 
Spike Model' (Fleischer et al., 1965) for track registration 
in the dielectric solids. This model predicts that a quantity 
somewhat different from dE/dx should determine the presence or 
absence of tracks viz. the number of ions formed per unit 
distance along the particle path. This quantity, called dJ/dx, 
is the primary specific ionization, given by Bethe (1930) as: 
^ = (a Ze2/lop2) [-^ (^2 mc^^^/{l~^^)l^)-^^+3.0A] 
(3.3) 
where Ze is the effective charge of the ionizing particle, p 
is the ratio of its velocity to c, the velocity of light, m is 
the electron mass, IQ is the ionization energy of the outer 
electron of the material, and a is the constant that depends on 
the materiel. 
According to this criterion an etchable track in a solid 
will be formed if the linear ion density produced by the primary 
particle along the trajectory is greater than a critical value 
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required by the material. It also explains that a solid would 
register a track if the rate of primary ionization of (dJ/dx) 
was greater than a critical rate of primary ionization i.e. 
(dJ/dx) -4., which is a characteristic of the material. 
* 'crit 
Fleischer et al. (1967) plotted the value of primary 
ionization for different ions using the above equation in 
cellulose nitrate. From the curve 3.4, one can conclude that 
for each solid it is possible to choose a critical value of the 
primary specific ionization above which tracks are formed and 
below which there is no preferential etching of the solid. 
It is important to note that not all ionization or bond 
breaking is included in equation 3.3. The secondary ionization 
produced by delta rays generally occurs to the side of the main 
particle track and, according to the ion explosion spike model, 
is largely irrelevant to its formation. This view is opposite 
to the view of Pfohl et al. (1965) and Benton et al. (1969), 
which is that the low energy delta rays play a vital role in 
the mechanism of track formation in polymers. In fact, the 
major difference between the primary ionization and the energy 
loss criteria is due to the increasing energy carried by the 
ejected electrons at higher energies of the ionizing particles. 
From the ion-explosion spike model they expect that only the 
number and not the energy of the removed electron is of impor-
tance as long as the electrons receive enough energy to drive 
them out of the track region. 
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Figure 3.4. Damage density (or ionization rate) 
vs velocity. 
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There are some objections to critical primary ioniza-
tion criterion of Fleischer et al., which are: 
(i) The values of dimensionless constants of stopping 
materials as used by Fleischer et al. are strictly 
true for hydrogen (IQ = 13.6 eV). Thus the absolute 
values of (clJ/dx) . , are not known. 
(ii) The effect of delta rays or high order of ionization 
has been neglected. 
(iii) The value of IQ = 2 eV utilized by Fleischer et al. 
for plastics appears to be inconsistent with the ion 
explosion spike mechanism which requires electron 
ejection from the track region. The energy of 2 eV 
may be sufficient to break a chemical bond (raise the 
bound electron to a higher energy states) but in general 
it is not sufficient to ionize the atom. For ionization 
a higher value of 9-15 eV is needed (Bovey, 1958). Also 
the optical absorption measurements indicate that lexan 
is highly transparent to 2 eV photon ( ) \ = 6200 A.U.). 
3.6.3. Critical Restricted Energy Loss Hate Criterion 
In view of the objections to primary ionization criterion, 
Benton and Nix (1969) proposed a new track formation criterion 
for plastic track detectors, known as 'Restricted Energy Loss' 
(REL) criterion. For this purpose, they incorporated the 
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secondary ionization and excitations produced by the low 
energy recoil electrons (low-energy delta rays). They assumed 
that the total energy deposited per unit track volume by the 
incident charged particles determines the chemical reactivity 
of the latent track region. 
It has been established that the relativistic charged 
particles of high energy can produce delta rays (having the 
energy of several MeV) along the particle trajectory and these 
delta rays tend to be scattered and deposit their energy at a 
considerable distance from the path of heavy ion. Benton 
argues that the plastics are generally 100 iim thic-k, the 
energetic delta rays and most of their accompanying energy are 
lost from the detector and so this energy is not considered in 
track formation. Hence, the total rate of energy loss (dE/dx) 
of a charged particle can not be used as criterion for track 
registration. 
According to restricted energy loss rate criterion, the 
secondary electrons having the energy u) less than a predetermined 
value COQ* in addition to the primary ionization, contributed 
in the track formation. If the energy density is greater than 
the minimum value depending upon the nature of the detector, a 
particle will form a track. 
Benton and Nix (1969) calculated (dE/dx) w < WQ for 
different particles using the following relations: 
16/1 
- p2 -2(c/z) - 5] . . . (3.4) 
where Ze = Effective charge of the ionizing pa r t i c l e , 
. n = Density of electrons in the stopping material , 
rQ = e2/(m c ) , the c lass ica l electron radius, 
Y = ( l - p 2 ) - l / 2 , 
1^-1= Mean excitation potential of the material, 
ao J 
c/z = Tight binding shell correction 
and h = correction for the density effect. 
The effective charge, Ze, is calculated by the equation 
Ze = Z[l - exp(-130 §/Z^^^)] ... (3.5) 
where Z is the nuclear charge of the particle. If the res-
tricted energy loss (REL) rate, given by equation 3,4, is 
greater than a minimum value [ (•gT:)(jj<'tj) -^ crit* "depending upon 
the detector, the tracks are formed. Thus according to this 
model, a particle will produce an etchable track vi/here 
(dE/dx)^^^ will be greater than UclE/dx)^^^^ ^crit' i'®" 
(REL) > (REL)^^j^^ for the material. It must be noted here 
that while the primary ionization model does not give the 
value of (dJ/dx) •. in absolute units, the restricted energy 
loss model gives the value of [(dE/dx)^^^^ ^crit "^ " absolute 
units. 
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Benton concludes that ion explosion is not essential 
for track formation in polymers. What is required is the 
production of a sufficient number and density of chemically 
reactive species. These species may be formed by low energy 
delta rays. The distribution of these chemically reactive 
species near particle trajectory is unknown. It is reasonable 
to assume that a minimum concentration of these centres is 
needed in order to be able to develop a track through the 
chemical etching techniques. 
3.6.4. Critical Uose of Ionization Energy Criterion (D .,) 2_ crit 
Katz and Kobetich (1968) reported a new criterion for 
track formation in solid state nuclear track detectors. They 
argued that at higher energies the principal mode of energy 
loss is through ionization, the tracks are formed through the 
deposition of energy of secondary electrons or delta rays in 
the immediate vicinity of the particle's trajectory. They 
suggested that a track in detector will be produced when a 
critical dose, ^^crit^ ' '^^ ionization energy is deposited by 
the secondary electrons at a critical distance, (R •f) t from 
, o. 
the particle's path (^20 A). 
The spatial distribution of ionization energy in the 
vicinity of the path of the incident particle by combining 
the delta rays energy spectra and the range-energy relation 
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of these electrons is calculated (Kobetich and Katz, 1968). 
They plotted these as a function of particle energy for 
different particles in mica, cellulose nitrate and lexan poly-
carbonate plastics. From these curves, it was found that 
there exists a critical dose, (Dcrit^' ^° ^^ deposited at a 
critical distance, (R • , ) , from the particles path, above 
which the tracks are formed and below which no tracks will be 
formed. 
Although this criterion can also be fitted to most of the 
experimental data, it is difficult to evaluate this approach 
in detail because the results strongly depend upon the vali-
dity of basic assumptions: (a) that the contribution of the 
'primary excitation' can be completely neglected, (b) the exact 
form of range-energy relations for electrons in eV region and 
(c) other assumptions in the calculations such as the form of 
angular distribution of the ejected electrons. 
3.7. METHODS OF TRACKS VISUALIZATION 
3.7,1. By Using Electron Microscope 
Tracks produced by heavily multicharged particles such as 
fission fragments can be seen directly by an electron micro-
scope in certain crystalline substances such as mica (Silk and 
Barnes, 1959). Electron microscope has commonly been used in 
two modes . 
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3.7.1.1. Differaction contrast mode 
In this method the crystal planes of the detector are 
bent such that electrons get scattered out of the Bragg 
reflection image of the damaged regions which appear as black 
streaks. Due to the bending the strain is distributed around 
the tracks and hence one gets the upper limit of the damaged 
region. The diameter of tracks in the irradiated mica was 
found to be 100-150 A (Silk and Barnes, 1959). 
3.7.1.2, Thickness contrast mode 
The irradiated thick sheet of a detector is viewed under 
an electron microscope after the preliminary etching. The 
image appears as light or transparent line. Price and Walker 
(1962) observed the tracks in the irradiated etched mica 
using this method. 
However, electron microscope method has following limita-
tions: 
(a) extremely thin (< 3000 A) samples are required, 
(b) large densities of tracks are needed, 
(c) only small track lengths can be examined, 
(d) tracks of only very heavy charged particles can be seen, 
3.7,2. Track Decoration or Precipitation Method 
The most successful application of this method has been 
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made by Childs and Slifkin (1962a; 1962b; 1963), who have 
decorated tracks throughout the volume of a thick single 
crystal of Silver Chloride. They used a combination of pulsed 
light and electric fields to sweep photoelectrons into the 
interior of the damaged part of the crystal. Multipronged 
events from 1.5 GsV proton interactions, heavy cosmic ray 
primaries and polonium alpha-particles tracks have been obser-
ved by this method. Although relativistic protons and alpha-
particles do not give developable tracks, relativistic C, N 
and 0 groups register with unit efficiency. 
An application of this precipitation method to decorate 
the tracks in a glass doped with silver was reported by 
Fleischer et al. (1963) using' adequate heat treatment and 
electric field along the particle trajectory but no further 
work has been done using this method. 
3.7.3. Chemical Etching Method 
This is the most commonly and widely used method to reveal 
the tracks in solid state nuclear track detectors. The method 
was first used by Young (1958) for revealing the fission 
fragment etch pits in thick sample of Lithium Fluoride (LiF). 
The method is based on the following principles: 
As the damage trails are highly reactive regions (compared 
to the undamaged part), on immersing the sample in an appro-
priate etchant, all those trails which intersect the surface 
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are rapidly dissolved and hollow cylindrical tubes about 50 A 
in diameter are left behind (Enge, 1980). If the procedure is 
prolonged, the etching continues at slightly lower rate. The 
undamaged wall of the hollow tube is also attacked and its 
diameter increases into micron range (which is comparable to 
the wavelength of visible light), thus ultimately, a modified, 
enlarged version of the original damage trail is produced, 
which can be seen easily under an optical microscope (Khan, 
1983). 
The shape of an etched track in a certain material depends 
not only on the charge, mass and velocity of the incoming 
particle and on the nature, concentration and temperature of 
the etchant but also on the environmental conditions at the time 
of irradiation and pre-etching treatments. One of the impor-
tant parameters governing the shape of the track is the critical 
angle of etching (the angle below which particles falling on 
the detector surface will not be revealed by etching) of the 
material for a particular particle of a specified energy deter-
mined under specified experimental conditions. In lexan, 
makrofol, mica etc., for beams of fission fragments of normal 
energy, the resulting enlarged tracks are long and almost 
cylindrical with slightly tapered ends (Khan and Durrani, 1972). 
Charged particles produce conical etch-pits in glasses (Khan 
and Durrani, 1972) which appear circular or oval v^ hen viewed 
from above. In the past, chosing the best etchant has largely 
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been a matter of trial and error, which is not so now. Work 
has been done in this direction from last over fifteen years 
and some, guidelines have been developed. In Table - 3.5, 
etching conditions of some such detectors are given. 
The geometry of a track formed by a particle is governed 
by simultaneous actions of the etchant on the bulk of plastic 
and along the damaged region produced by the particle in the 
detector material. When the irradiated detector is immersed 
in a suitable chemical reagent under pre-determined conditions, 
the etchant dissolves the bulk material at the rate of Vn-bulk 
etching rate, while its rate along the damaged region is re-
presented by Vj-track etch rate. The damaged region gets 
dissolved faster than the bulk medium i.e., Vy > VQ. If the 
relative damage is measured in terms of primary ionization, J. 
Then of J > J^' ^T ^ ^ B' "^^ ^ ^  " ^ c' ^ T "^  ^B* ^^^ track 
registration geometry is given in Figure 3.5. 
Different stages of chemical etching of a particle track 
in a SSNTD are shown in Figure 3.6. A charged particle enters 
in a detector and stops after traversing a certain depth 
(Figure 3.6a). The detector is immersed in an etchant under 
pre-determined conditions. If the final track is formed in 
time to = IQ/^T' ^^^^^ ^o ^^ the track length, layer of 
thickness 'Vg-t^' will also be removed from the detector sur-
face during the same time t^, as shown in Figure 3.6b. Finally 
one can get a conical track (Figure 3.6c) of maximum length,Ij^, 
Table - 3.5 
Etching Conditions of Track Etch Detectors 
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S.No. Type of d e t e c t o r Etching condi t ion 
1. Soda Lime Glass 
2. Vitreous Quartz Glass 
3. Phosphate Glass 
4. Muscovite Mica 
5. Makrofol-N 
6. Hostaphan 
7. /viakrofol-E 
8 . Lexan 
9 . LR-115 
1 0 . CR-39 
48/ . HF, 22°C 
48/ . HF, 22°C 
ION NaOH, 50 + 1°C 
48/ . HF, 22°C 
6N NaOH, 5 0 + 1°C 
3 3 / 6N NaOH + 3 3 / H^O 
+ 3 3 / CH3OH, 4 0 + l o c 
6N NaOH, 5 0 + 1°C 
6N NaOH, 5 0 + 1°C 
6N NaOH, 6 0 + 1°C 
Or 6N NaOH, 70 + I X 
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: 173 : 
Figure 3.6. Principle of track etching 
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given by: 
Im = lo (1 - V^ Sin &) ••• (2-^) 
where h is the dip angle of the particle, measured from the 
detector surface. The half cone angle of this conical track 
is given by 
e = Sin"-^  i-TT-) ••• (3.7) 
^T 
Further etching causes the apex to become rounded (Figure 
3.6d). When the particle penetrates the entire thickness of 
the detector material (Figure 3.6e) etching proceeds from 
both the sides, resulting in two sharp tipped cones known as 
double cone (Figure 3.6f). If the etching is allowed to 
continue long enough, the two cone merge and produce a hole, 
called etched through track (Figure 3.6g). 
It should be noted here that not all the particle tracks 
which intersect the detector surface can be developed through 
this method of chemical etching. As already pointed out, in 
order to produce an etchable track, a charged particle must 
produce a damage density (i.e., rate of ionization) greater 
than a certain critical value which is the characteristic of 
the material. The quantity (Vy/Vg) is a function of the rate 
of ionization of the charged particle. It increases as the 
rate of ionization rises. For light ionizing particles. 
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V /v_, —•> 1 and tracks are not observed. There is also a 
T B 
geometric limitation for getting observable tracks in these 
detectors. According to this limitation, tracks of those 
particles which enter the detector surface at an angle less 
-1 ^B than a critical angle given by 9^  = Sin {-^—), can not be 
observed. In this case, the surface dissolves more quickly 
than the track develops (Somogyi, 1980). This can be obtained 
by putting Ijj^  = 0 in equation and representing h as 9^, as 
follows: 
0 = IQ (1 - Vg/V^ Sin 9^) 
or 
9^  = Sin"-^  (Vy/V^) ... (3.8) 
Thus, it is desirable to have the etch rate ratio as large 
as possible. 
The bulk etching rate (Vn) depends on many factors like 
composition of the detector material, manner of the sample 
preparation, type of the etchant, etching conditions etc. 
Similarly the track etching rate (V^) is also a function of 
the type and velocity of the incident particle. Hence Vr, 
D 
provides information about the chemistry of the sample and 
about the etching process, while V^ provides information 
about the charged particles. 
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Due to the existence of critical angle, the detection 
efficiency of the detector can not be equal to unity. The 
detection efficiency is defined by the ratio T| = ^n/^2n* 
where N^ is the number of particles which are entering the 
detector surface from an isotropic point source and Nn are 
those particles which can be observed after etching, entering 
the detector in a solid angle i^ determined by the critical 
angle. Then the detection efficiency can be defined as: 
NrL So d A 
11 = 
but dCl = Sin 9 d© d(|) 
^ = -k Lj "^^  f ^ ""^^ ' ®^  Sin 9 d9 d(l) 
*^~° 9 = 0 
= 1 - Sin 9^  c 
-1 ^ B Substituting the value of 9 = Sin rj^ 
c v^ 
Tl = 1 - rj^ ... (3.9) 
T 
From the above equation it can be seen that numerous charac-
teristics of these track etch detectors depend upon the track 
etch ratio V^/Vg. The optimal detecting characteristic are 
obtained when V^ >> Vg. In the ideal case when V^/VQ 
9^  —•> 0 and the detection efficiency t] becomes unity. 
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3.8. METHODS OF TRACK COUNTING 
The following methods are used for counting the tracks 
in solid state nuclear track detectors. 
3.8.1. By Optical Microscope 
It is the most suitable method used for counting the 
tracks in SSNTD having the track density upto 10 tracks/cm . 
After the chemical etching of a SSNTD, the tracks of particle 
can be easily counted by an optical microscope using ordinary 
magnification. In the case of normal or near normal incidence, 
the microscope can be focussed on the surface of the detector 
where the interaction of the conical tracks with the surface 
is observed as dark circular spots. By little defocussing, one 
can also see into the depth of the track. The tracks can be 
easily distinguished from the background scratches, etc. in 
the detector. Optical microscopy has been found to be highly 
useful for obtaining track densities and for studying some 
gross features of an etch-pit. The technigue has limitations 
when a detailed structural analysis of an individual etched 
channel is desired. 
3.8.2. By Naked Eve 
Rare t racks of heavy and super-heavy nuclei in cosmic rays 
are usua l ly detected by etched through t racks and can be v i s i b l e 
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by the naked eye. This method was suggested by Fleischer 
et al. (1966). In this method an opaque coating of aluminium 
on one side of the plastic sheet having a thickness less than 
the expected length of the particle track is applied. On 
etching the plastic from uncoated side in a hydroxide solution, 
the hydroxide makes hole at the radiation damaged places and 
attacks the aluminium film. This attack is very rapid in 
short time, each track is surrounded by a relatively larger, 
easily visible circular area from which the aluminium has been 
removed. Using this method, they counted 100 tracks in 0.093 
square meter of SSNTD. 
Cross and Tommasino (1967) developed an alternative method 
of detecting holes in thin plastic sheets. This method may be 
used upto 10 tracks/cm . Another method describe: by Block 
and co-workers (1969) in which ammonia vapour penetrate the 
holes to make replica of the track pattern on a sensitized 
paper. This method could be applied to the hole as small as 
0.7 |im in thin sheets of plastic. 
3.8.3. Gas Flow or Ionic Measurement Method 
Fleischer and Price (1963) proposed a method for track 
counting without the use of an optical microscope. In this 
method they used physical measurements such as gas flow or 
ionic permeability for the tracks counting through the irradia-
ted material. Bean et al, (1965) developed such a method taking 
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mica as an irradiated specimen, which acted as a barrier bet-
ween two halves of cell having a solution of hydrogen fluo-
ride. Using this method, they got some reproducible curves 
in which conductivity was found to be a function of time for 
several samples of mica, whereas, Mory and Walker (1964) 
could not get reproducible curves while using irradiated 
plastics as carrier rather than mica. 
3.9. AUTOMATIC METHODS OF COUNTING 
The visual counting of etched tracks in solid state 
nuclear track detectors by an optical microscope is a difficulty 
time-consuming and expensive method. This problem is clearly 
found in, for example, absolute fission rate measurements, 
where the whole area of the exposed track detector has to be 
scanned (Azimi-Garakani and Williams, 1977). It was thought 
desirable to establish a rapid and simple method of track 
counting. Khan and Durrani (1972) set-up a electronic count-
ing and projection system of etched tracks in SSNTD. The 
principle of the technique follows: 
The detectors are exposed to fission fragments and then 
etched long enough to produce through or nearly through holes. 
The exposed detector then placed between an alpha source and 
a surface barrier detector. The etched fission tracks provide 
an easy path to the alpha particles which can not pass through 
unirradiated portion of the foil. The transmitted alpha 
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particles are registered by the surface barrier detector. The 
number of a- counts recorded by surface barrier detector is 
actually the number of fission tracks in the detector. The 
alpha particle used as a probe to measure the fission fragment 
track density. Since then a number of automatic counting 
systems of track in SSNTD have been developed, some of which 
are discussed below. 
3.9.1. Spark Counting System 
The spark counting technique was first devised by Cross 
and Tommasino (1970). This technique is very common in most 
of the laboratories because it is efficient, fast, reliable 
and does not require highly expensive and sophisticated equip-
ment (Monin, 1980), It is specially useful for counting very 
low track tensities. The technique works on the following 
principle. 
A thin detector (—-10-20 \im thick) in which the tracks are 
etched through is placed between a flat high voltage electrode 
and a thin aluminium electrode. The thin Al-electrode is an 
aluminized polyster film such as aluminized Myler. Through an 
RC network a high dc voltage is applied and causes a spark to 
occur through one hole in the film (Figure 3.7). The energy 
carried by the spark is sufficient to evaporate a larger area 
(<0.1 mm in diameter) in the thin Al-electrode, leaving the 
corresponding hole electrically isolated, which inhibits the 
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Figure 3.7. Basic set-up for the jumping spark 
technique. 
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occurance of further spark in it. The spark, therefore, passes 
through another hole, jumping from one hole to another until 
it-has passed through all the holes, and the discharge then 
stops. AS a result, the thin Al-electrode, once removed, 
exhibits the distribution pattern of the tracks on the origi-
nal detector and particularly allows their counting by eye, 
if not too numerous. But, more interesting, the current pulse 
of the sparks can be counted directly by scaler and in a matter 
of seconds provides the measurement of the track density. The 
design of spark counter and spark circuit have been given in 
Figure 3.8. 
To get the reproducible results a very careful etching 
process should be performed and the residual thickness of the 
detector should be kept between two limits. The upper limit 
is the maximum thickness required to get etched-through holes 
from the particles. The lower limit is the minimum thickness 
below which the sheet can not withstand the applied voltage. 
Some other precautions regarding the spark counter are dis-
cussed by Monin (1980). 
The total number of tracks that can be counted by this 
technique is limited primarily by the overlapping of the 
evaporated holes in the Al-electrode. Most of the time the 
maximum track densities reported are 3000 or 5000 cm~^ but 
-2 
can be as h igh as 15000 cm 
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Recently a new automatic spark counting system is deve-
loped by A2imi-Garakani et al. (1981) which provides a con-
venient, cheap and fast method for absolute track counting 
measurements. The system is'capable of obtaining reliable 
4 -2 
results for track densities upto 2x10 track.cm for normal 
incidence irradiations. The counting efficiency of the 
system is about 97>^  compared with an optical microscopes. 
3.9.2. Electrochemical Etching (ECE). 
The electrocheniical etching technique enlarges etch-holes 
to size of v^ 100-300 |im, which (for low track densities) 
makes their counting much easier. The technique was first 
suggested by Tommasino (1973) and then by other workers 
(Somogyi,1977; Al-Najjar et al., 1978; Durrani, 1978; 
Al-Najjar et al., 1979). Figure 3.9 shows the apparatus which 
allows to etch the track electrochemically. The irradiated 
plastic detector is placed between two transparent cells con-
taining the etching reagent, e.g. NaOH. A platinum electrode 
is placed in each half of the cell, and these are connected to 
a high frequency oscillating voltage supply (Durrani and 
Al-Najjar, 1980). Typically, peak voltages produce fields of 
^10-50 kV cm" across the plastic detector; frequencies of 
several kHz to tens of kHz are often used. High electric 
fields build-up in the vicinity of etched-tracks tips, leads 
to sparks. These yields Lichtenberg-type figures, which look 
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like sections through a carnation flower. 
A good contact between the plastic detector and the two 
containers of the reagent, ensures electrical isolation of the 
two electrolytes. When filling electrolyte cells, efforts are 
made to exclude air from the film surface to avoid air bubbles. 
The electrochemical etching technique is being extensively 
developed at present. The technique is widely applicable to 
neutron, proton and alpha particles measurements (Al-Najjar, 
1979) with plastic track detectors. 
3.9.3. Image Analysis System 
Several image analysis systems are now available for the 
automatic scanning and counting of tracks in detectors. Some 
of those automated, computer driven devices are commercially 
available (Quantimet, Classimat, Leitz T.A.S.) and have been 
found suitable in SSNTD and nuclear emulsion (Fleischer et al., 
1975; Azimi-Garakani and Williams, 1978). The principle in-
volved is as follows: 
The etched track detector is scanned by a closed-circuit 
TV camera to distinguish the features of interest from the 
general surroundings. For this purpose, a 'grey level* is 
so selected that only regions of the image where the blackness 
exceeds this pre-defined lower limit are considered. This 
enhances the contrast of the image. Shape discrimination can 
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be carried out with the help of extra modules which control 
different image parameters. 
At present, a number of image analyser are available with 
microcomputers (e.g. Quantimet 900) which control not only 
the necessary steps in the analysis of the image, but also 
collect and analyse the data automatically and print out the 
results in any desired form (e.g. histogram; graph; etc.) 
(Durrani, 1982). Semi-automatic counting and size measure-
ments of tracks can be carried out with the help of a video 
position analyser (VPA) interfaced with a micro-processor and 
a digitizing tablet. Other microprocessor based systems have 
been developed whose picture analysis is controlled by soft-
ware (Heinrich et al., 1982). 
3.10. ENVlRONBiAENTAL EFFECT 
The solid state nuclear track detectors are amongst the 
least sensitive detectors to environmental effects. Most of 
the mineral insulators and glasses are relatively insensitive 
to several working conditions. Polymers are more sensitive 
but usually the environmental effect within normal variations 
can be ignored except under very extreme conditions. Factors 
which can cause significant effect on these detectors usually 
can be either controlled or be avoided. 
Polycarbonate retains tracks upto a temperature at which 
it becomes viscous. Higher temperature can affect more sensitive 
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detectors such as cellulose nitrate. Exposures to gases and 
vapours such as 0^, O^ f H2O etc. during irradiation can in-
crease the track etching rate of polymers (Boyelt et al., 
1970). In a vaccum environment, the lack of these molecules 
decreases the etching rate Vj and hence lowering the etching 
efficiency. Probably these molecules diffuse along the 
damaged region and attack the active species which make-up 
the track. The broken polymer chains would be prevented from 
reuniting and lessen the extent of damage produced. 
Normally plastic track detectors are insensitive to beta 
and gamma radiations. But cross-linking and other effects of 
polymer degradation can also occur when the detectors are irra-
diated with neavy doses of gamma radiation. On an average 10 
to 100 mrads are typically needed to produce any noticeable 
effects. Exposure to UV in presence of gases like 0^ or NO 
can affect the etching rate considerably. Table - 3.6 gives 
the summary of some important environmental effects. 
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Table - 3.6 
Summary of some Environmental Effects 
Effect 
Polycarbonate 
Lexan Makrofol 
Ce l lu lose n i t r a t e 
Nixon-Balwin Daicell 
Thermal Total 185 200 
1 hr Anneal- fading 
ing 
50/ 170 190 
fading 
85 
138 - 147 
130 - 147 
Start 40 
fading 
100 110 
Chemical Add No, 
Add Oo, 
increases 
increases VT 
Add 03) Vj and V3 
increases 
Add 02/camphor 
VT/VR Increased 
Add 03,V3 i n c r -
P* ri S f^S 
Add H2O, Vj VB 
increases equally 
Irradiation lo3 MeV, 200 Mrad y, 
Vr doubled 
1.5 MeV, 25 Mrad 
electrons, V-p increases 
1.5 MeV, 16 Mrad 
electrons 
Vg doubled 
Photochemical O2 + UV, NO + UV 
Vj increases 
H2O2 + UV, N2O + UV 
V7 decreases. 
O2 + UV 
sens itivity 
increased 
Can cause 
Bulk damage 
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CHAPTER - IV 
CALIBRATION OF CR-39 DETECTOR 
CALIBRATION OF CR-39 DETECTOR 
4.1. . INTRODXTION 
In natural radiation environment, radon gas and its 
radioactive daughters can cause a significant inhalation 
hazard when the content of radium in the soil is high and the 
radon and its daughter products get concentrated in enclosed 
places like mines, caves or houses. They can also give rise 
to significant radiation exposures in open space if their 
concentration is very high either due to natural sources 
(high background areas like monazite belts, rock phosphate 
deposits, uranium deposits etc.) or by man-made sources 
(uranium mill tailing ponds, processing plants for uranium, 
thorium, phosphates etc.). Solid state nuclear track detec-
tors (SSNTD) are increasingly being used for monitoring en-
vironmental radiations under different conditions. They are 
the most effective passive detectors that can be used for 
obtaining time-integrated concentration levels (Alter and 
Fleischer, 1981). The track etch technique has been widely 
used in many diverse fields, such as in obtaining premonitory 
signals of earthquakes (Fleischer and Mogro-Campero, 1978), 
in uranium exploration (Fleischer and Mogro-Campero, 1982) 
and in radon monitoring (Frank and Benton, 1977; Fleischer 
et al., 1980). In all these applications it is essential to 
calibrate the detector, studies on the calibration of 
: 197 : 
specific track detectors such as the Teiradex Track Etch 
Detector (Alter and Fleischer, 198i; Savage, 1983), Kodak 
LR-115 Type II film (Chruscielewski et al., 1982*, Subba Ramu 
et al., 1988) and CR-39 plastic detector (Urban et al., 1985; 
Singh et al., 1986) have been reported. As a part of the 
present measurements of radon and its daughters in indoor 
atmosphere, the calibration experiments with CR-39 (Manufac-
tured by Fershore Mouldings, U.K.) plastic track detector 
were carried out in an enclosed atmosphere. 
The nuclear track etch technique used in the present 
work consists of small strips of CR-39 films of size 2.0 cm 
X 2.0 cm into two modes viz: BARE mode and CUP with MEMBRANE 
mode. The Bare detector configuration consists of a film 
mounted on a card such that it views a hernisphere of air of 
214 
radius comparable to the range of alphas from Po. Bare 
detector configuration measures radon and its progeny and is 
sensitive to plate out only with respect to daughter plating 
out directly on the detector and is calibrated to estimate 
the vyorking level (WL) concentration. 
The Membrane Cup detector configuration consists of an 
open mouth plastic cup of 9.5 cm height, 6.8 cm diameter at 
the open iDouth and b,A cm diarneter at the bottom and is fitted 
with a CR-39 track etch detector attached to the inside bo-
ttom. The open mouth of the cup is covered with a semiper-
meable membrane (GEC iviEM-213) . The membrane slows down the 
: 198 : 
normal diffusion of noble gases into the cup and this helps 
one to discriminate radon against thoron (Ramachandran et al., 
222 1987 ). The membrane permits about bO-lO/. of Rn into the 
cupo 
The above two detector configurations were calibrated 
and used in the present measurements. Here alpha particles 
from the air or from radon daughters plated out on various 
adjacent surfaces, bombard the detector and cause radiation 
damage tracks, which are subsequently revealed by caustic soda 
solution by etching and counted with an optical microscope at 
a magnification of 400 X (Khan et al., 1987). The number 
—2 
of tracks counted per unit area (T.cm ) is directly propor-
tional to the average exposure rate (Bq.m ) and the 
exposure time. 
4.2 CALIBRATION Or THE DETECTOR 
In order to evaluate the concentration in terms of acti-
vity present in air, the detector has to be calibrated under 
knov.'n concentration of radon gas. Calibration of the integ-
rating detectors has been carried out in a calibration chamber 
with the following conditions namely: (a) accurately known 
radon levels; (b) aerosols of known size and concentration; 
(c) continuous radon monitoring instrumentation; (d) unifor-
mity of radon content in the calibration chamber and (e) 
sufficient space in the calibration chamber to permit 
: 199 : 
simultaneous exposures of the different detectors. 
The equipment used for the calibration are an exposure 
or calibration chamber, an aerosol oenerator, chemical etching 
equipment and optical microscope, radon gas collection chambers, 
conventional filter paper sampler and an alpha counting unit. 
Figure 4.1 gives the block diagram of the apparatus used for 
the calibration of the track detectors. 
3 The exposure chamber is a cubical wooden box of 0.5 m 
capacity which has a couple of inlet ports and an outlet tube 
and a viewing glass pannel. There is an air tight window for 
introducing and reir.oving the detectors. The inlets are for 
introducing filtered air, aerosols and radon gas into the 
chamber. The outlet tube discharges the contents outside the 
laboratory. 
The aerosol generator used here was a LaMer-Sinclair type 
condensation aerosol generator, whose design and operation 
details have been discussed elsewhere (Subba Ramu, 1978). This 
gives a laminar flow of monodispersive aerosols of di-2-hexyl 
sebacate condensed on NaCl nuclei. The temperature settings 
of the reheater and the boiler could be adjusted in such a way 
so as to obtain monodisperse aerosols of 0.2 \xm size. Mono-
disperse aerosols of other sizes upto 0.1 |im can also be 
obtained by proper adjustments. Tlie outlet from the aerosol 
generator was connected to one of the inlets of the exposure 
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chamber anc provisions were also made for diluting the aerosols 
stream with a flow of filtered air. Samples could be taken 
out from the chamber for measuring the aerosol size and con-
centration in it. The aerosol concentration was measured by 
using a small particle counter. 
5 
Radon source used was a solution of 1,85x10 Bq of Ra-226 
(in the form of Hadium Nitrate) in 150 ml of 1.0 N 'HNOo kept 
in the flask. Hadon, which is emanating from this solution 
was carried by a flow of nitrogen gas passing above the solu-
tion surface into the exposure chamber through an inlet. A 
set of preliminary standardisation experiments were carried 
out to ensure a constant source of radon generation from this 
source. Thus depending upon the various flow time, a specific 
concentration of radon was obtained alongwith the carrier qas 
for a flow rate of 1 litre per minute (1pm). The films were 
then exposed to radon and its daughters concentration in the 
chamber for a known period of time, both in the Bare and Cup 
with Membrane modes. 
During the calibration experiments, radon and its daughters 
concentration were also measured. The individual daughter 
activity level were estimated by collecting airborne parti-
culates on a filter paper inside the chamber. The filter 
paper sample is obtained by sucking the air through a 2.5 cm 
diameter millipore filter paper type AA of 0,8 [xm pore size 
using a vacuum pump at the rate of 10 1pm for about 5 minutes 
202 
and then following the alpha counts of the filter paper sample 
using an alpha counting unit which is having a background of 
30 counts per hour and 45/. counting efficiency. From the alpha 
counts both radon and working level (vVL) concentrations were 
estimated (Ramachandran et al., 1985). The concentration of 
radon gas itself was also measured by collecting a sample of 
filtered gas from the exposure chamber in a aluminium chamber 
of about 5 liter capacity and then collecting the daughters 
formed inside the chamber on a negatively charged aluminium 
plate by an alpha counting unit (Srivastava, 1983). 
The procedure of the experiment was as follows. Initially 
the exposure cliamber was flushed with filtered air for suffi-
ciently long period of time to make sure that all the residual 
radon and its daughters and aerosols left from the earlier 
experiments were removed completely. Then the chamber was 
filled with fresh aerosols from the generator alongwith filter-
ed air. The aerosol concentration in the chamber was measured 
by drawing a sample from the chamber through the aerosol 
4 -3 
counter. A concentration of 1.5x10 particles cm was main-
tained throughout for these experiments. A small fan was used 
inside the chamber to provide uniform concentration of aerosols 
and radon and its daughters concentration throughout the 
experiment within the total volume. Aerosol size (0.1 \im) 
chosen for the present studies was found to be quite stable 
durinq the experimental period and both diffusional and 
203 
depositional losses v^ ere minimum (Subba Hamu et al., 1987). 
Kadon gas was introduced into the chamber by flushing 
filtered nitrogen gas over the surface of the solution in the 
radon flask into the exposure chamber at the rate of 1 1pm 
for a known period of time. The time was decided by the 
quantity of radon required in the exposure chamber. Subsequent-
ly the detector films in both modes were introduced into the 
chamber. The films were exposed for a period of few hours to 
few days depending on the radon concentration in the chamber 
so that a statistically valid number of tracks could be ob-
tained on the films. The air filter samples were collected 
during the course of the experiments at different intervals 
and were analysed for the activity concentration and the mean 
was taken as the concentration for the particular experiment. 
The relative humidity and the temperature were about SQ/. and 
25°C respectively and it was maintained constant throughout 
the course of the experiment. 
After the exposure the detectors were chemically etched 
in 6M NaOH solution at a constant temperature of 70+l°C for 
12 hours and track of alpha particles were counted using an 
optical 'microscope of magnification 400 Xo 
4.3 RESULTS ANb bISCUSSlur\S 
The calibration experiments were carried out to estimate 
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the relationship between the track density recorded and the 
radon concentration as well as working level concentrations. 
Figure 4.2 gives the data on the variation of track density 
observed against radon concentration. Table - 4.1 gives the 
calibration factor obtained for CR-39, exposed in the' Cup with 
Membrane mode for different radon concentrations. The radon 
-3 -3 
concentrations varied between 250.5 Bq.m to 2549.0 Bq.m 
and the corresponding calibration factor varied from 0.13 to 
-2 —3 
0o21 tracks.cm per (Bq.m .d). It is seen from the detec-
tors exposed in the Cup with Membrane mode for the estimation 
of radon in the atmosphere that the calibration factor is 0.19 
-2 -3 
tracks.'cm per (Bq.m .d). 
Figure 4.3 gives the relationship between the track 
density on the Bare detector film and the WL concentration of 
radon with its daughters in the exposed chamber. Table - 4.2 
gives the calibration factors for the CR-39 detectors exposed 
in Bare modes against vVL concentration. The WL concentration 
varies between Oo042 to U.512 ui/L and the respective track 
-2 -1 
density varied between 90-615 tracks.cm .d . The corres-
ponding calibration factor varies from 1147.0 to 2209.7 tracks. 
—2 
cm per (WL.d). 
I t i s seen from the measurement as shown in Table - 4 .2 
t h a t the average c a l i b r a t i o n f ac to r s for the de t ec to r s exposed 
in the BAuE mode for the es t imat ion of ,vL concent ra t ion in the 
atmosphere workes out to be 1628.0 tracks.cm per (WL.d). The 
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Table - 4,1 
Calibration Factor Obtained for CR-39 Detectors Exposed in 
the Cup with Membrane Mode Against Kadon Concentration 
Source 
s t r eng th 
(Bq.m"-^) 
250.5 
290.1 
353.3 
321.5 
484.7 
1069o2 
.1553o8 
2008o9 
2549oO 
Exposure 
time 
( h r s . ) 
20o25 
68.75 
68.33 
20.58 
20.17 
20.33 
20o25 . 
20.50 
20.33 
Measured 
t rack 
dens i ty 
(cm"2) 
4 3 
164 
196 
58 
76 
160 
216 
246 
338 
Cal ib ra t i on 
f ac to r 
T.cm'-^.d"-^ 
per(Bq.m ) 
.0.20 
0.20 
0.20 
0.21 
0.19 
0.18 
0.17 
0.14 
0.16 
—2 -1 Average calibration factor = 0.19 T.cm .d per 
(Bq.m"^) 
Standard deviation = 0.02 
Relative standard deviation = 10.5yi 
_2 
Average background = 36 T.cm 
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Table - 4 . 2 
C a l i b r a t i o n F a c t o r s fo r CR-39 D e t e c t o r s Exposed in 
Bare Mode Aga ins t WL C o n c e n t r a t i o n 
^yioac;,,ro,^ C a l i b r a t i o n 
Source Exposure ^ ^ ^ " P f a c t o r 
s t r e n g t h t ime ^ ^ - ^ T - 2 ^ - 1 
( W L I ( h r s . ) d e n s i t y T.cm .d 
(cm ) per (WL) 
0 .042 20 .58 77 . 2137 .9 
0 .055 6 8 . 3 3 346 2209 .7 
0 .058 20 .25 78 1593.8 
0 .062 6 8 . 7 5 310 1745.5 
O o l l l 20 .17 140 1500.7 
Ool91 2 0 . 3 3 300 1854.2 
0 .399 20 .25 424 1259.5 
0o494 2 0 . 3 3 480 1147 .0 
0 .512 2 0 . 5 0 525 1200.8 
-2 -1 Average calibration factor = 1627,7 T.cm .d 
per (WL) 
Standard deviation = 391.2 
Relative standard deviation = 24;^  
209 : 
estimated calibration factors for radon measurement using the 
Membrane Cup detector is in good agreement with those re-
ported by other investigators (Urban et al., 1986*, Frank etal., 
1981). However, there is no reported value for the conversion 
factor for the vVL experiments. The typical aerosols, used 
for the calibration of Bare detectors to measure the WL con-
centration have the same characteristics as of those one comes 
across in a dwelling and thus gives a reasonably accurate 
calibration factors for WL estimation. In Table - 4.3, the 
values of calibration factors of some plastic track detectors 
reported by other workers are presented. 
4.4 COICLUSIOhS 
Based on the calibration experiment and the preliminary 
results of the measurements, some of the main conclusions 
drawn are: 
(a) The system used for the calibration of SSNTD has been 
found to be quite convenient and accurate enough to ob-
tain the conversion factors between tracks per unit area 
_3 
and concentration of radon in Bq.m or vVL for a given 
period of exposure of the films either in By\i{E or in the 
CUP with MEMBHANE mode. 
(b) Use of typical aerosols, as found in a dwelling or in an 
enclosed area such as room, facilitates the calibration 
of BAKE cietecLor to (..•stim.ile tlie vi/L concentration within 
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+ 2A-/.. 
(c) The concentrations used in the calibration experiments 
are more than those normally encountered in dwellings or 
room except in some Uranium or non-Uranium mines. How-
ever, the calibration results shows that the response is 
linear and hence the calibration graph can be extrapolated 
and used for the measurements of lower concentrations also, 
It is in.portant to mention here that the statistics of 
track counting must be improved by both increasing the 
number of days of exposure and covering a greater area of 
the exposed films while counting the tracks. 
(d) The conversion factors obtained for CR-39 films are 0.19 
-2 -3 
tracks.cm per (Bq.m .d) for radon concentration measure-
ments and 1628.0 tracks.cm per (WL.d) for WL concentra-
tion measurements. 
: 212 : 
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CHAPTER - V 
RESULTS AND DISCUSSION 
RESULTS AND DISCUSSION 
5.1. MEASUREMENT OF HADQN AND ITS DAUGHTERS CONCENTRATION 
INSIDE BUILDINGS 
Recently great interest has been shown in estimation of 
long term exposure to the population due to low levels of radon 
and its decay products in dwellings. The radon ( Rn) activi-
ty inside houses is mainly due to emanation of radon from 
building materials and soil underneath. Some other sources 
like water and natural gas contribute very little activity and 
their contribution depends upon the origin of gas and water 
and on the rate of consumption. A typical dose of radon 
emission from building materials has been estimated to be 1 rem 
(lO" Sv) per year (Fremlin and Abu-Jarad, 1980). "^ ^^ Rn is a 
noble and radioactive gas produced as a result of decay of 
natural uranium series. The half-life of radon, 3.8 days, is 
long enough for a part of it to diffuse from the building 
material to the inside air of the room. 
5.1.1. Linearity 
Before starting the actual measurements, a study was made 
to the relationship between track density and exposure time of 
the detector. The samples of CR-39 plastics were exposed in 
the same room at a fixed height and v^ ere removed after different 
exposure times upto six months. The samples were etched in 
215 : 
6M NaOH solution for twelve hours at 70 C in a constant 
temperature bath and the alpha tracks were counted using an 
optical microscope. Figure 5.1 shows that the variation of 
alpha track density is linear with the time of exposure. 
5.1.2o Position of the Detector Inside the Rooms 
It is necessary to select the suitable position for 
mounting the bare detectors inside the rooms to measure the 
radon concentrations (Abu-Jarad, 1982). For this purpose, the 
pieces of CR-39 detector of size 2 cm x 2 cm were mounted in 
bare mode inside a room with different positions for one month 
exposure time. A total number of seven sets (each set contai 
seven detectors) were mounted at seven different positions 
inside a room. The results of the measurements are presented 
in Table - 5.1. The variations in track densities in each 
detector indicate the inhomogeneity of the concentration of 
radon in the room air. This may be due to the convection 
currents inside the room which results from the temperature 
gradients in the room. It is, therefore, suggested that one 
site measurements with bare plastic detectors in a position 
near one of the walls may not give a true value of the radon 
concentration inside a room. It will be better to mount the 
detector in the middle of the room or take the average of three 
or more detectors on different walls. 
ns 
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0 60 120 180 2A0 
Exposure lime (days)—> 
Figure 5.1 H o t of exposure time versus t rack 
densi ty measured ins ide a room. 
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Table - 5.1 
Variation in Track Density at Different Sites 
in the Same Room 
Set No. 
Track density (T.cm ) at different sites 
(a) (b) (c) (d) (e) (f) (g) 
1 
2 
3 
822 
534 
1079 
522 
812 
586 
765 645 799 
607 509 762 
685 664 659 
705 1077 
779 
724 
518 
659 
1184 734 1010 645 782 695 733 
5 
6 
876 1003 927 1029 818 552 756 
2040 1429 1463 1062 925 1017 1006 
1130 1030 774 612 869 1394 574 
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The use of plastic track detectors in measurement of 
alpha particles emitted from radon and its daughters is not 
only because of the simplicity and the ruggedness, but is also 
due to the fact that these detectors are integrating and 
passive (Singh et al., 1984; Ramola et al., 1987). As the 
detectors are exposed to airborne nuclides, atoms and ions of 
products derived from the decay of these nuclides may settle 
down onto the surface of the detectors. These particles could 
give off alpha particles and causes the plate out effect 
(Frank and Benton, 1977). This effect may cause over estima-
tion of radon concentration by several times when using bare 
CR-39 (Abu-Jarad et al., 1981; Abu-Jarad, 1982) while LR-115 
is insensitive to plate out activity. Domanski et al. (1984) 
also studied the plate out effect in four types of plastic 
track detectors and concluded that the CR-39 detectors are 
more sensitive to plate out particles than the LR-115 detec-
tors. Recently it was reported (Wong, 1985) that the plate 
out effect in CR-39 is about 30/. in indoor air. Although the 
LR-115 detectors are useful for the measurement, its sensitivity 
is insufficient for low level activities unless a prolonged 
period of exposure is used. 
Although we tried to avoid the plate out activity by 
discriminating against small tracks during counting, some 
uncertainty due to plate out may arise in the values and 
thus the measured values will be approximate. 
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5«1.3, Radon in Indoor Atmosphere 
For the priliminary radon concentration measurements in 
buildings, CR-39 plastics with a thickness of 300 jim of size 
2 cm X 2 cm were mounted for a period of one month inside 
the rooms having different environmental conditions in BARE 
mode. 
The plastic detectors were collected after exposure and 
then chemically etched simultaneously in 6M NaOi at 70°C for 
10 hours in a constant temperature bath. The alpha particle 
tracks vjere counted using an optical microscope with a magni-
fication of 400 X. 
Eight rooms constructed from almost same type of building 
materials but having different indoor environmental conditions 
were selected for measurement of radon and its daughters 
concentration. These include a living room of a student's 
hostel, a cellar, a research laboratory, a radioactive source 
room, two stack rooms of book bank, seminar library and two 
reading rooms. The study was made to investigate the effect 
of sub soil emanation, ventilation, the materials housed 
inside the rooms and the radioactivity of the books. The 
results are presented in Table - 5.2. The highest value 
-3 303.4 + 22 Bq.m of radon concentration was found in the 
radioactive source room which is due to various sources 
(neutron sources: Sb-Be and Ra-Be; a-sources: radium, uranium. 
: 220 : 
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amercium and gamma sources: Co, Cs, Hg etc.) placed 
inside it and the non-ventilation of the room. The lowest 
~3 
value of ^5.5 Bq.m was found in the living room being due to 
proper ventilation. The higher value of radon concentration 
in the cellar may be attributed to the sub soil emanation. 
The stack rooms of book bank and seminar library showed higher 
radon concentrations as compared to value in the reading 
rooms. It is due to the fact that the paper contains the 
traces of naturally occurring radionuclides from the premordial 
series of U, Th and K and most of the paper samples 
have the long-lived radioisotopes Ka, Th and K (Lalit 
and Shukla, 1984). At the same time, the stack rooms are also 
not properly ventilated. The proper ventilation may reduce 
some of the radon concentration. The reading rooms, being 
properly ventilated and having no books showed lesser radon 
concentration. 
5.1.4. Radon Levels in Residential and Non-Hesidential 
Buildings 
Studies of radon concentrations in dwellings have been made 
in the past many years in several countries of Europe and North 
America. The results of the studies show that some countries 
(e.g. Sweden, Hungary and Colorado state, U.S.A.) have high 
radon concentrations in many of their dwellings (Swedjemark and 
Mjones, 1984; Gemsi et al., 1975; UNSCEAR, 1977). The 
: 222 : 
knowledge of radon levels in dwellings in India is rare and 
no systematic survey has been done in this direction except 
some measurements made in high background areas of Kerala and 
in some dwellings of Bombay (Kamachandran et al., 1986; 
Subba Ramu et al., 1987). Therefore, it was thought desirable 
to make systematic study here in India to find the radon 
levels inside the dwellings. 
The measurements of radon and its daughter concentrations 
have been made in the buildings situated in the University 
Campus area: 
(i) to find the radon levels in the residential and non-
residential buildings, 
(ii) to compare radon concentration in winter and.summer, 
(iii) to study the variation in different stories of the 
buildings. 
The CR-39 plastic track detectors were mounted in BARE 
mode in the sixty-four rooms of six residential buildings of 
Aligarh Muslim University (A.M.U.) Campus including six patient 
wards of J.N. Medical College and thirty-one rooms of three 
non-residential buildings (offices and class rooms). The 
study was conducted during the period July 1985 to December 
1985, for six months. The results of the indoor radon measure-
ments are given in Table - 5.3 and Table - 5,4. The detectors 
were also mounted on each storey of the buildings i.e. ground, 
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first and second. The construction materials are almost same 
in all the buildings. The mean indoor radon concentrations 
from measurements in sixty-four residential and thirty-one 
non-residential rooms at the ground storey was found to be 
-3 -3 
67.8 Bq.m and 119.6 Bq.m , respectively. The mean radon 
concentrations in the non-residential buildings of University 
Campus was found to be higher than those of residential buil-
dings, although both types of buildings are situated in the 
same campus and have almost similar building materials. This 
may be due to the fact that the non-residential buildings 
remain closed after the office hours and have poor ventilation 
which contribute towards high radon concentrations. 
The results of the study in ten living rooms of a build-
ing in Winter (November-February) and in summer (March-June) 
are presented in Table - 5,5. The results show that the mean 
-3 
radon concentration in winter is 70,0 + 15 Bq.m while in 
-3 
summer is 45.9 + 13 Bq.m giving a winter to summer ratio of 
1.5 . It may be due to the poor average ventilation rate 
during winter because the doors and windows are kept closed 
in winter to conserve heat inside the rooms. 
Indoor radon concentration is usually high at the base-
ment and ground storey rooms as compared to other storey rooms 
of the building (Abu-Jarad and Fremlin, 1983; Toth, 1972). 
The results for residential and non-residential buildings 
presented in Table - 5,3 and Table - 5,4, show the effect of 
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sub soil emanation which is mainly responsible for higher ra-
don concentration inside ground storey rooms as compared to 
the rooms at first and second stories. This exhibits the 
trend reported by George and Breslin (1978) for different 
stories in New York- New Jersey houses, 
b.2. RADUN AND ITS DAUGHTERS CUNCENTRATION IN A 
MULTISTUREY BUILDING 
Radon is a noble gas,' it diffuses through the building 
materials and also through the sub soil under the building and 
is subsequently mixed with the air inside the room. Sub soil 
emanation is mainly responsible for the fact that the basement 
of a building contains a higher radon concentration than the 
rooms on other higher floors (Abu-Jarad and Fremlin, 1982; 
Fleischer et al., 1984). Poor ventilation enhances the build-
up of radon concentration in the rooms. It has been reported 
(Toth, 1972) that living in unventilated dwellings in Hungary 
caused an absorbed dose of about 800 mrad.yr" to the bronchial 
epithelium and 120 mrad.yr" to the lung as a whole. 
There is scanty and inconsistent information about the 
influence of sub soil emanation inside the rooms of different 
floors of multistorey buildings. The measurement of several 
workers (Pensko et al., 1969; Yeats et al., 1972; Abu-Jarad 
and Fremlin, 1982) show that there is significant change in 
the concentration of radon with height from the ground level. 
: 228 : 
and it depends upon the ventilation rate. The results of 
other workers (Fleischer and Turner, 1984) show a clear 
decrease with height in homes, and also that building materials 
(in the eastern U.S.) tend to be low in radon emanation. Toth 
(1972), without measuring the ventilation rate, has observed 
that the concentration of radon daughters decreases with 
increasing distance from the ground level. This contradic-
tion prompted the author to perform more measurements in a 
multistorey building in Aligarh (India). 
The measurements were made in the Maulana Azad Library 
(seven storey building) of A.M.U. The purpose of the present 
work was to study the effect of the following on the concen-
tration of radon and its daughters: 
(i) sub soil emanation, 
(ii) ventilation conditions, 
(iii) height from the ground level, 
(iv) convection currents inside the room, and 
(v) the alpha-activity of the books stored. 
For this purpose 38 pieces (2 cm x 2 cm) of CR-39 plastic 
track detector were mounted in 19 different rooms on different 
floors of the library for a period of six months. The exposed 
detectors were collected and then chemically etched simulta-
neously in a constant temperature bath in 6M NaOH solution at 
70°C for ten hours. The counting of alpha particle damaged 
tracks revealed by the etching, was done using an optical 
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microscope with a magnification 400 X. An area of about 0,25 
cm was scanned for each exposed detector. The number of 
tracks counted in this area, in detectors exposed at various 
places, were between 400-1700. From this the number of tracks 
2 
per cm were then determined. 
The exposures were carried out inside the rooms situated 
in the basement to the 7th,floor of the building. Detectors 
were mounted at the entrance and farside of the rooms to 
observe the variation in radon concentration due to convection 
air currents. The rooms chosen at each floor except at the 
basement and ground floor were identical i.e. having the same 
volume and on the same side of the building. The half base-
ment of the building, close to the entrance, is used as a 
canteen for the staff members and the remaining half i.e. 
farside is used as a store. The detectors were mounted in 
both portions. The basement is separately situated from the 
main building and no room is built above it. On the ground 
floor, the detectors were mounted in different rooms such as 
the entrance hall, issue section, reading rooms and stack 
room. The entrance hall is properly ventilated whereas the 
reading room (for post-graduate and research students) and 
stack room are poorly ventilated. The other reading room 
(for undergraduate students) and issue section are partially 
ventilated. 
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On the first floor the detectors were mounted in the hall 
just above the entrance hall and in a adjoining room used to 
keep the manuscripts. The hall is used as a reading room and 
is partially ventilated whereas the manuscripts section is 
poorly ventilated. The rooms on the 2nd to 6th floor are si-
tuated on the two sides of the elevator (east and west) and 
are used as library book stacks. These are poorly ventilated 
except the stack room (west) on the 5th floor and stack room 
(east) on the 6th floor which are partially ventilated. Thesis 
and dissertations are stored there. The room on the 7th floor 
is non-ventilated and is used as a store for old newspapers 
and magazines etc. 
The concentration of radon and its daughters calculated 
by equation 2o2 along with details of ventilation conditions 
are given in Table - 5.6. The errors shown in the results are 
due to the tracks counting statistics. The results show that 
radon and its daughter concentrations, in general, is less at 
the entrance and higher at the farside of the rooms. This 
variation may be attributed to air turbulence and convection 
currents inside the rooms, because the fresh air from the 
doors reduces the concentration of radon and its daughters in 
the area close to the door. The radon concentration in the 
basement of the building is found to be the highest among all 
the rooms. This shows that the soil is the main source of the 
radon emanation to the inside air of the basement. In addition 
: 231 : 
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to the sub soil emanation, poor ventilation might also have 
contributed towards the enhanced activity as observed by 
earlier workers (Toth, 1972; Stranden et al., 1979). 
The rooms on the ground floor show more radon activity 
than on the other floors, although the ground floor rooms 
have better ventilation. The increased activity may again be 
attributed mainly to sub soil emanation. The lower values of 
concentration on the 1st and 2nd floor rooms of the building 
as compared to that on the ground floor rooms indicate that 
there is ro appreciable effect of sub soil emanation in the 
rooms above the ground floor. The concentration of radon 
and its daughters is somewhat higher on the 3rd - 6th floor 
rooms, the reason for which may be sought in the poor venti-
lation and alpha activity due to a large number of books 
(Lalit and Shukla, 1984; Khan et al., 1988) housed there. 
Further, the concentration of radon and its daughters in 
the stack room (west) on the 5th floor and stack room (east) 
on the 6th floor is less than in the corresponding rooms on 
the other sides of the same floor. The reason for this is 
again the ventilation, as these two rooms are used as reading 
and reference rooms for consulting the thesis etc. by the 
research workers and thus their door and windows remain open 
for quite some time. 
There is a slight increase in radon concentration in the 
room at the 7th floor as compared to similar rooms on the other 
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floors (except the ground floor, where sub soil emanation adds 
to the radon activity). This may be due to the fact that the 
room is not properly ventilated and the housed materials con-
tribute to radon concentration (old magazines and news-papers). 
It is obvious from our results that the radon concentra-
tion depends on sub soil eiiianation, ventilation rate and the 
nature of the housed materials. There appears to be no clear 
indication of appreciable variation in radon concentration 
with height above the ground level from the results obtained. 
5.3.. SEASONAL VAHIATIUN UF HADUN ANb ITS DAUGHTER 
CONCENIHATIONS IN Dift/ELLING 
Public exposures to radon and its daughters in dv;ellings 
results in the largest contribution to the average effective 
dose received by human beings (UNSCEAR, 1982). Due to its 
importance a number of measurements (Frank and Benton, 1977; 
Fleischer, 1984) for the long term integrated value of radon 
have been done using the passive detectors. As the radon 
levels depend upon ventilation rate (Abu-Jarad and Fremlin, 
1983), wind direction, atmospheric pressure (Stranden et al., 
1979) and air turbulence (Khan et al., 1987), the short time 
measurements done by active methods (Cliff, 1978) do not 
give the real estimation of average dose rate. This empha-
sizes the importance of long-term integrated measurements 
: 234 : 
and the need of monitoring for a full year. 
The measurements were made for radon and its daughter 
concentrations over the whole year in thirty-eight rooms of 
seven buildings situated in civil lines area. The monthly 
variation in radon concentrations were also investigated. 
These buildings were built from the same type of building 
materials. The study was performed from November, 1985 to 
October 1986. For seasonal variation of radon concentrations, 
the measurements were done in three different periods each of 
four months: November 1985 - February 1986 (Winter);March 1986-
June 1986 (Summer) and July 1986 - October 1986 (Hainy). The 
estimation for dose equivalent rate received by a person liv-
ing in these dwellings has also been obtained. 
The pieces of CH-39 plastics of size 2 cm x 2 cm v;ere 
mounted in BARE mode. The exposed detectors were collected 
after every month for the study of monthly variation and after 
four months for seasonal variation, from the different rooms. 
After exposure, the detectors were etched in 6M NaOH solution 
at 70°C for optimum etching conditions in a constant terr.pera-
ture bath and the tracks were counted. The area containing 
approximately 300 - 700 tracks was scanned and from this the 
2 
number of tracks per cm were calculated. 
The results of the measurements in 38 rooms of 7 buildings 
are presented in Table - 5.7. The monthly indoor radon con-
centration is plotted in Figure 5.2. The radon concentrations 
t 
I 
(T3 
§ 
+ 1 
O 
u 
M 
0) 
O 
• H 
+ J 
10 
• H 
4-> 
<T3 
• P 
0> 
0) 
C 
•H 
0) 
5 Q 
C 
•H 
c 
o 
• H 
+ J 
OJ 
M 
-P 
C 
0) 
u 
c 
o 
o 
c 
o 
X! 
ad 
o 
c 
o 
•H 
-P 
nj 
•H 
U 
CO 
> 
c 
o 
w 
0) 
p 
CO 
4-1 O 
O -P 
o 
• Q) 
O P 
• o 
4-( 
O 0) 
6 
• O 
o o 
: 2 M 
to 
o 
iD n 00 CM 
CN 
vO 
lO 
CM 
00 iD 00 
lO vO lO vO 
CvJ ro iD 
if) O 
CM 
c 
o 
•H 
P 
(TJ 
M 
-P 
c 0)-—s 
cx^  
C 1 
o e 
o • 
cr C CQ 
r:-^  
QJ 
en 03 
M 
0) 
> 
< 
c 
•H 
m 
Dc: 
u 0) 
e 6 
a 
to 
h 
<u 
-p 
c 
•H 
CM 
• 
CM 
vO 
r~ 
h-
'^ j-
ro 
n 
t^  
•H 
• 
00 
vO 
o 
c^  lO 
lO 
o^  h-
o 
• 
"^  
lO 
r^  
CO 
CO 
r-
o xO 
r-
' • 
o vO 
/*> 
o CO 
o 
CD 
vD 
O 
• 
o vO 
CO 
CO 
lO 
00 
lO 
00 
lO 
• 
o 
r-
r-1 
00 
lO 
o 
r--00 
.-1 
• 
CM 
h-
r^  
o 
^ 
00 
•-H 
00 
l O CM 
lO 
vO 
OO 
CO 
05 
- P 
O 
1 -
r-
CM 
« 
iD 
o 
CO 
00 
en 
CM 
CM 0 0 
O 
CO 
CO 
CM 
O 
c^ 
c (T3 
<U 
:^> 
• 
sz 
-p 
•H 
M 
< 
• 
> 
0) 
Q 
• 
T3 
+J 
C/1 
"^-^ S 
>«. 
• 
> 0) 
a 
• 
x> 
-p 
OO 
PC 
236 
Radon Concentration (pC\/x) 
o o - -
en CX) CO O CD 
T T 
*T1 
C 
H 
o 
0+ 
< 
hi 
H-
D; 
r+ 
H-
O 
O) 
a 
o 
o 
o 
3 
o 
ro 
r+ 
h 
Q; 
r+ 
o 
2 
o 
z 
—I 
X 
to 
o 
< 
o m o 
> 
z 
-n 
m 
(D 
> 
> 
• D 
> 
-< 
z 
> 
c 
o 
m 
-0 
o 
o 
: 237 : 
inside the dwellings are maximum in winter months and minimum 
in summer months while the radon concentration in rainy season 
gives the intermediate value. The mean radon concentration 
for the winter, summer and rainy seasons are 76.6 + 9.0, 46.2 + 
-3 10 and 65.2 + 8 Bq.m , respectively giving a winter to summer 
ratio of about 1.7. These data show that seasonal variation 
can be substantial. The increased radon concentrations ob-
served in the winter over summer seasons can be attributed to 
climate and life style is not entirely certain since seasonal 
changes in radon entry from the soil is a competing mechanism. 
Pressure differentials between indoor and outdoors also tend 
to be larger in the winter which favours increased flow of soil 
gas into house during the winter season. Also due to great 
day-night outdoor temperature differences, doors and windows 
are left open typically while the homes are occupied during 
evening and night. This further enhances the exchange of 
indoor air with outdoor air. The results of the study of 
winter to summer ratio of some other workers are presented in 
Table - 5.8. 
The annual average indoor radon concentrations inside 
_3 
these dwellings is found to be 63.0 Bq.m . Taking an indoor 
equilibrium factor of 0,45 found in Indian dwellings (Subba 
Hamu, 1987) the exposure in working level equivalent for 
-3 
average annual concentration of 63.0 Bq.m is 0,0076 WL. For 
this exposure level and an occupancy factor of 0,8 an indoor 
: 238 : 
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cumulative exposure of 0.31 WLM.Yr" is obtained which is 
equivalent to 1.7 mSv.Yr" based upon the OECD factor (OECD, 
1983) of 5,5 mSv per WLM, exposure for the effective dose 
equivalent. In these exposures, contribution from thoron 
( Rn) daughters and outdoor radon daughter concentrations 
are not taken into account. 
5.4. RADON AND ITS DAUGHTER LEVELS IN DIFFERENT 
TYPE OF ROOMS 
Radon and its daughter concentrations were measured in 
seventy-five different type of rooms used for different pur-
poses. The rooms were chosen are bedrooms, bathrooms, store-
rooms, drawing rooms and kitchens. The pieces of CR-39 detec-
tors were mounted in these rooms in BARE mode for four months 
(July, 1987 - October, 1987). After the exposure, detectors 
were collected and etched and the tracks were counted as 
discussed earlier. 
The results of the measurements are presented in. Table -
5.9. Radon concentration varies in these rooms from 33.7 Bq.m" 
_3 
to 69.0 Bq.m . Storerooms of these dwellings show minimum 
radon concentration while the kitchens in which the wood and 
coal is used as a fuetl have a maximum value of radon concen-
tration. The higher radon concentration in these type of 
kitchens (II) may be attributed to the burning of coal and 
wood which has the higher concentration of U and Ra. 
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The kitchens (I) in which cooking gas is used have shown some 
higher value than the other rooms due to the use of cooking 
gas. The bathrooms may receive some additional radon from 
that dissolved in water which has been shown to be released 
in spray from faucets or shower fixtures. 
The average indoor radon daughter concentrations in the 
seventy-five rooms is found to be 0.0066 WL. For this expo-
sure level and an occupancy factor of 0.8 an indoor cumulative 
exposure of 0.27 WLM.Yr" is obtained using the same procedure 
as discussed in previous section. Similarly, an average out-
door radon concentration of 11.8 Bq.m gives an outdoor 
exposure of 0.0019 WL using an outdoor equilibrium factor of 
0.6. Taking 2C^ occupancy factor for outdoor condition an 
annual outdoor exposure comes out to be 0.019 V^LM.Yr" , The 
total annual dose equivalent is then 0.29 WLM.Yr" . This is 
equivalent to 1.6 mSv.Yr' based upon the OECD factor of 5.5 
mSv.(WLM) exposure for the effective dose equivalent. 
It should be noted that these exposures do not include 
220 
contribution from Rn (thoron) daughters. These have been 
observed to contribute an additional 20^ of working level 
exposure. 
5o5. HADON EXHALATION MEASUREMENT FROM BUILDING MATERIALS 
AND EFFECT OF I^ J^ ERNAL WALL COVERINGS 
U, is present naturally everywhere in different 
: 242 : 
concentrations in soil and rock from one place to another 
(Evans, 1969). Building materials are commonly derived from 
the natural materials like sand, rock and cement, etc., which 
contains traces of U, Ra and K (Sorantin and Steger, 
1984). AS the half-life of Rn, a noble gas, is 3.8 days, 
it is long enough for a part of it to diffuse from the build-
ing materials to the inside atmosphere of the dwellings. Thus 
building materials are one of the major sources of radon 
emanation inside the room air. The main building materials 
are clay bricks,.but in some areas (e.g. Rajasthan) red stone 
is used as complete blocks or in crushed form and mixed with 
cement to form a brick of standard size. 
The internal wall decorations used to cover the building 
materials will act in such a way that they decrease or in-
crease the radon emanation depending upon whether the material 
acts as a sealer against radon emanation or as a source of 
radon. Abu-Jarad and Fremlin (1983) reported that the effect 
of paint reduce the radon emanation from the brick surface 
while wall papers containing 4-6 ppm uranium increase the 
radon emanation from the brick. Tamez et al, (1986) has also 
reported the same conclusion. Auxier found that cement, 
plaster and asphalt coating on the walls do not reduce the 
emanation rate, probably because of the general diffusibility 
of the noble gases through hydrogenous materials (Auxier 
et al., 1974). They further pointed out that epoxy paint 
: 243 : 
over a finish of cement was the most effective of liquid or 
plaster-type sealants. Culot et al. (1977; 1978) also dis-
cussed the possibilities of using radon barriers beneath 
houses built on uranium tailing to reduce the emanation to 
the background level. 
Measurement of radon emanation from building materials 
with electronic devices is complicated and expansive due to 
low level of emanation from the material. Due to this, long-
term measurement is required. Stranden et al. (1979) reported 
a method in which a container was sealed to a wall or brick, 
and the container connected to ionization chamber for conti-
nuous radon monitoring. 
The exhalation rate is measured in a number of building 
materials commonly used for building construction. The effect 
of internal wall coverings (i.e. Plaster, white washing, dis-
temper, paints etc.) on radon emanation has also been inves-
tigated. CR-39 plastic track detector was used to measure the 
radon exhalation rate in 'Can Technique' (Abu-Jarad et al., 
1980). The detectors were exposed for one month to individual 
sample, the chemical etching of the detectors was done in 6M 
NaOH solution at 70 + 1°C for ten hours. The counting of the 
alpha tracks was done by an optical microscope with a magni-
fication of 400 X. 
The radon exhalation rate was measured in ten commonly 
used building materials and calculated values using 
: 244 : 
equation 2ol5 are presented in Table - 5.10. It can be seen 
from the results obtained by the measurement, that the radon 
exhalation rate in building materials varies appreciably with 
one building material to another. It may be due to the 
different uranium and radium content and porosity of the 
material. The radon exhalation rate varies from 12.60 mBq. 
-1 -2 -1 -2 
hr .m to 169.1 mBq.hr .m . Unfired clay bricks emanates 
highest radon while the lime-stone gives a minimum value. The 
fired clay bricks emanates less radon in comparision to unfired 
clay bricks and sand. Among the other building materials, 
concrete has a higher value of radon exhalation rate than the 
other building materials such as marble, mosaik and ordinary 
glass . 
The effect of internal wall coverings on the radon ema-
nation v^ ere measured by 'Can Technique' from bare bricks, 
plastered bricks and the plastered bricks coated with white 
washing, distemper and paints. The results of the measure-
ments are presented in Table - 5oll. It is found that the 
plastering (cement + sand) reduces the radon emanation inside 
the air of the room upto some extent. Further coating of 
the plastered bricks by white washing, distemper and paint 
reduces the radon emanation .appreciably. The paint coated 
brick emanates minimum radon, perhaps due to closing of more 
number of pores of the bricks. 
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b.6. RAUUN ESTIMATION IN SUME INDIAN TOBACCO, TEA 
AND TOarHPQWDER SAMPLES 
In the last decade, a lot of interest has been shown in 
the measurement of radon and its daughters in environment 
(Abu-Jarad and Fremlin, 1963j Stranden et al., 1979; Cohen, 
1986), solid state nuclear track detectors are widely used as 
control tools, as they are relatively cheap and give long 
measuring time averaged values (Alter and Fleischer, 1981; 
Abu-Jarad et al., 1980). These detectors are often used in 
radon monitoring in the air, soil gas and building materials 
etc., but rarely used to measure radon content of water 
(Kvaniscka, 1983) and commonly used materials consumed by 
human beings. It has been found that tobacco contains signi-
ficant amounts of long-lived radioisotopes, Pb and ^^^Po 
(Martell, 1974; Singh and Nilekani, 1976). Among the various 
causes of lung cancer induction, intake of tobacco either 
orally or by smoking is generally accepted as the dominating 
cause among non-radiation factors, supposedly causing about 
83/ of all cancer cases in men and about 43;^  in women (ACS, 
1981). liadon daughters, naturally found in the environment 
are altered when they pass through burning eigarettes into 
mainstream smoke and are the ultimate cause of lung cancer in 
smokers (Martell and Sweder, 1982). As there is sufficient 
evidence of lung cancer in cigarette smokers, it was thought 
worthwhile to measure the concentration of radon and its 
: 248 : 
daughters in the samples of tobacco which are generally 
available in the market. Measurements have also been done 
for commonly used varieties of tea and toothpowder. The 
sources of radon in tea leaves and tobacco leaves are the 
traces of U, Ra and Th present in the soil where 
these are grown and some airborne radioactivity collected 
by tobacco trichomes during growth and storage. The tooth-
powders contain some of the materials such as polishing 
agents, flavouring agents, surfactants, fluorides and water 
which contain the traces of uranium, main source of radon 
(Singh and Virk, 1984). 
The sheets of CR-39 detectors cut into pieces of square 
shape. (2 cm X 2 cm) and mounted on the inner side top of a 
plastic cup having dimensions r = 3.5 cm and h = 5 cm were 
put onto another glass cup which contains the sample of 
materials. The whole system was sealed for one month to 
expose the detectors with alpha particles emitted by radon 
and its daughters contained in the samples. After exposure 
the detectors were etched and the tracks were counted. The 
values of radon concentrations were computed using the 
relation 2.2» Further, assuming 4U/. equilibrium and the 
geometric parameters of our cup, the calibration constant in 
—2 —1 
terms of alpha-tracks.cm per (pCi.l Rn) using 30 day 
exposure time comes out to 170 for CR-39 plastic track 
detector (Somogyi, 1986). 
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5.6.1. Results 
. The results of the measurements of radon contents of 
the samples of tobacco, tea and toothpowder are given in 
Tables- 5.12, 5.13 and 5.14, respectively. Radon content 
of the samples are presented in mBq.!"* . The errors shown 
are due to track counting statistics. 
5.6.2. Discussion 
The results presented in Tables - 5.12 and 5.13 show the 
radon content of tobacco and tea samples of common use collec-
ted from the market. The radon content of tobacco samples 
varies, from 14.06 + 1.4 mBq.l" to 89.91 + 3.3 mBq.l" . It is 
found that the tobacco No. 120 manufactured by Dharam Pal Prem 
Chand Ltd., Delhi has a minimum value (14.06 + 1.4 mSq.l" ) 
whereas the tobacco in simple crude form has maximum value 
(89.91 + 3.3 mSq.l" ). The radon content of tea samples varies 
from 27.38 + 1.8 mBq.l""^ to 41.81 + 2.2 mBq.l"'*'. The Taj 
Mahal tea and Red Lable tea manufactured by Brook Bond India 
Ltd., Calcutta have a minimum value of radon (27.38 _+ 1.8 
mBq.l" ) while the Double Diamond tea manufactured by Duncans 
Agro Industries Ltd., Calcutta has yielded a maximum value 
(41.81 + 2.2 mBq.l"" ) . The radon contents of tobacco and tea 
depend upon Th, Ra present in nearby soil (Lalit and 
Ramachandran, 1985) where they are grown. The plants of tea 
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and tobacco uptake the radium isotopes existing in soil 
throughout their long growth by their extensive root system. 
It is apparent from results that the radon contents of tea 
samples are higher than that of tobacco samples. This is 
due to the fact that the tobacco is a short duration agri-
culture crop while tea plants are perennial plant having 
uptake throughout the life of the plant. The age factor of 
the tea plant is also a reason for the high radon content. 
Although no direct measurements of radon contents in tobacco, 
tea and toothpowders are available in literature, there had 
been some measurements for the natural radioactivity in 
Indian tea samples e.g. Lalit and Ramachandran, 1985 reported 
the value of Ra in Indian tea samples varying from 322 
mBq.Kg" to 3622 mBq.Kg" . The Radon content observed in 
tobacco and tea are not a health hazard because of small 
daily consumption. Annual intake of these radio-nuclides 
present in the samples does not exceed 18,5 Bq - 25.9 Bq 
each for Ra and Th which is orders of magnitude lower 
than the annual limit for intake of these isotopes by workers 
given by ICRP (1979). 
It is also observed from the results presented in 
Table 5.14 that the radon content of toothpowders varies from 
26.27+ 1.4 mBq.l" to 413.0 + 6.0 mBq.l'"'". The Colgate tooth-
powder manufactured by Colgate Palmolive Ltd., Bombay has a 
minimum value of radon content (26.27 + 1.4 mBq.l ), whereas 
: ?54 : 
the Red toothpowder manufactured by Dabur Pvt. Ltd., 
Sahibabad (U.P.) contains a maximum value (413.0 jf 6.0 
mBq.l"" ). The higher value of radon in Red toothpowder may 
be due to the presence of minerals extracted from the herbal 
poo 
plants v;hich contains the traces of U. The radon con-
tents in the toothpowders are quite low and are not harmful 
for public. 
: 255 : 
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Summary. Radon contents in some samples of tobacco, tea and tooth 
powder have been estimated using CR-39 solid state nuclear track detec-
tors. The Radon content in tobacco has been found to vary from 
14.06±1.4 to 89.91 +3.3 mBq/1. The Radon content in tea and tooth 
powder has been found to vary from 27.38 ±1.8 to 41.81 ±2.2 mBq/1 
and 26.27 + 1.4 to 413 ±6.0 mBq/1 respectively. The present investiga-
tions are useful from the health hazards point of view. 
Introduction 
In the last decade, a lot of interest has been shown in the measurement 
of Radon and its daughters in environment (Frank and Benton 1977; Flei-
scher and Mogro-Campero 1978), solid state nuclear track detectors are 
widely used as control tools, as they are relatively cheap and give long 
measuring time averaged values (Alter and Fleischer 1981). These detectors 
are often used in Radon monitoring in the air, soil gas etc., but rarely 
used to measure Rodon content in water (Kvasnicka 1983) and commonly 
used materials consumed by human beings. Radon daughters, naturally 
found in the environment are altered when they pass through burning ciga-
rettes into mainstream smoke and are the ultimate cause of lung cancer 
in smokers (Martell and Sweder 1982). As the evidences of lung cancer 
in cigarette smokers have been attributed to radioactivity in cigarette smoke, 
we thought it worth while to measure the Radon and its daughters in the 
samples of tobacco generally available in the market. Measurements have 
also been done for commonly used tea and tooth powders. The sources 
of Radon in tea leaves and tobacco leaves are the traces of ^^*U, ^^^Ra 
and ^^^Th present in the soil where these are grown and some air-borne 
radioactivity deposited on their leaves. The tooth powders contain some 
of the materials such as polishing agents, humectants, binders, sweetening 
234 
agents, flavouring agents, surfactants, flurides and water which contain the 
traces of uranium, the main source of Radon. 
Experimental procedure 
In the can technique, we have used CR-39 plastic track detector which 
is sensitive to all alpha energies emitted by Radon and its daughters. The 
sheets of CR-39 detectors cut into pieces of square shape (2 cm x 2 cm) 
and mounted on the inner side top of a plastic cup having dimensions 
r = 3.5cm and h = 5cm were put onto another glass cup which contains 
the sample of materials. The detector was freely exposed to the emergent 
Radon and could record the decay of Radon from the whole volume of 
the can and that of ^^*Po and ^ '^^ Po deposited on the inner walls. The 
whole system was sealed for one month to expose the detector with alpha 
particles emitted by Radon and its daughters contained in the samples. 
After having been exposed for one month (30 days) the detectors were chem-
ically etched in 6N NaOH solution for 12 h at a temperature of 70° C 
in a constant temperature bath. The counting of the alpha particle tracks 
was done using an optical microscope with a magnification 400 x . The 
values of Radon concentration were computed using the relations given 
elsewhere (Somogyi et al. 1983). Further, assuming 40% equiUbrium and 
the geometric parameters of our cup, the calibration constant in terms of 
alpha-tracks (cm^)^' (pCi/1)'^ of Rn using 30 days exposure time comes 
out to be 170 for CR-39 plastic track detector. 
Tabic 1. Radon content in tobacco samples 
S.No. 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
Name of tobacco 
Double Zero No. 
(Tuisi Brand Jafrani) 
Sixty four No. 
(Ratna Brand Jafrani) 
Ninty five No. 
(Rashmi Brand) 
Manufacturing agency 
Dharam Pal Satya Pal 
Delhi 
Prabhat Zarda Factory 
Pvt. Ltd., Muzzaffarpur 
Bihar 
Satya Pal Shiv Kumar 
Delhi 
One hundred twenty two No.Dharam Pal Prem 
(Jamini Brand No. 1) 
Three hundred No. 
(Ratna Brand) 
Ravi 
(Sada Patti) 
Rampuri Special 
Simple form 
Chand Ltd.. Delhi 
Prabhat Zarda Factory 
Pvt. Ltd., Muzzaffarpur 
Bihar 
Chourasia Tobacco 
Industries. Delhi 
-
-
Density of 
the material 
(gm/cm^) 
0.2090 
0.2123 
0.2079 
0.2380 
0.2543 
0.2744 
0.3067 
0.2504 
Radon 
content 
(mBq/1) 
16 .65+l . t 
25.16+1.4 
18.13+1.4 
14.06+1.4 
18.5 ±1.4 
27.01 + 1.8 
49.58 + 2.2 
89.91 ±3 .3 
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Table 2. Radon content in tea samples 
S.No. 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
Table 3. 
S.No. 
1. 
2. 
3. 
4. 
5. 
6. 
Name of tea 
Lipton Green Lable 
Gemini Leaf 
Lipton Tiger 
Brool< Bond Special 
Double Diamond 
Taj Mahal 
Red Lable 
Manufacturing agency 
Lipton India Ltd., 
Calcutta 
Tata Tea Ltd., Calcutta 
Lipton India Ltd., 
Calcutta 
Brook Bond India Ltd., 
Calcutta 
Duncans Agro Industries 
Ltd., Calcutta 
Brook Bond India Ltd., 
Calcutta 
Brook Bond India Ltd., 
Calcutta 
Brook Bond Supreme Brook Bond India Ltd., 
Calcutta 
Radon content in tooth powder samples 
Name of 
tooth powder 
Colgate 
Forhans 
Aksir 
Promise 
Vicco vajardanti 
Red tooth powder 
Manufacturing 
agency 
Colgate Palmolive Ltd., 
Bombay 
Geoffrey Manners and 
Co. Ltd., Bombay 
Aksir Dandan Chemical 
Works Pvt. Ltd., 
Allahabad (U.P.) 
Balsara Hygiene Products, 
Bombay 
Vicco Laboratories, 
Bombay 
Dabur (Dr. S.K. Burman) 
Pvt. Ltd., Sahibabad, 
Ghaziabad (U.P.) 
Density of 
the material 
(gm/cm'') 
0.3586 
0.3468 
0.3514 
0.3416 
0.3661 
0.3355 
0.3270 
0.3094 
Density of 
the material 
(gm/cm^) 
0.8455 
0.6660 
0.6180 
0.8465 
0.4112 
0.8616 
Radon 
content 
(mBq/1) 
35.89 + 1.8 
34.04 ±1.8 
37.0 +1.8 
29.97+1.8 
41.81 + 2.2 
27.38+1.8 
27.38 ±1.8 
35.52+1.8 
Radon 
content 
(mBq/1) 
26.27 + 1.4 
80.29 ±3.0 
55.5 ±2.5 
37.0 ±1.8 
105.82±3.0 
413.0 ±6.0 
Results 
The results of the measurements of Radon contents of the samples of to-
bacco, tea and toothpowder are given in Tables 1, 2, and 3 respectively. 
Radon content of the samples are presented in mBq/1. The errors shown 
are due to track counting statistics. 
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Discussion 
The results presented in Tables 1 and 2 show that the Radon content of 
tobacco and tea samples of common use collected from the market. The 
Radon content of tobacco samples varies from 14.06 + 1.4 mBq/1 to 
89.91+3.3 mBq/1. It is found that the tobacco No. 120 manufactured by 
Dharam Pal Prem Chand Ltd, Delhi has a minimum value (14.06 +1.4 mBq/ 
1) whereas the tobacco in simple crude form has a maximum value 
(89.91+3.3 mBq/1). The Radon content of tea samples varies from 
27.38 + 1.8 mBq/1 to 41.81+2.2 mBq/1. The Taj Mahal tea and Red Lable 
tea manufactured by Brook Bond India Ltd., Calcutta have a minimum 
value of Radon (27.38 +1.8 mBq/1) while the Double Diamond tea manufac-
tured by Duncans Agro Industries Ltd., Calcutta has yielded a maximum 
value (41.81 +2.2 mBq/1). The Radon contents of tobacco and tea depend 
upon ^^^Th, ^^*'Ra present in near by soil (Lalit et al. 1985) where they 
are grown. The plants of tea and tobacco uptake the radium isotopes existing 
in soil throughout their long growth by their extensive root system. It is 
apparent from our results that the Radon contents of tea samples are higher 
than that of tobacco samples. This is due to the fact that the tobacco 
is a short duration agriculture crop while tea plants are perennial plant 
having uptake through out the life of the plant. The age factor of the 
tea plant is also a reason for the high Radon content. Although no direct 
measurements of Radon contents in tobacco, tea and tooth powders are 
available in literature, there had been some measurements for the natural 
radioactivity in Indian tea samples e.g. Lalit et al. 1985 report the value 
of ^^^Ra in Indian tea samples varying from 8.7 pCi/kg to 97.9 pCi/kg. 
The Radon content observed in tobacco and tea are not a health hazard 
because of small daily consumption. Annual intake of these radio-nuchdes 
present in the samples does not exceed 500-700 pCi each for ^^*'Ra and 
^^^Th which is orders of magnitude lower than the annual limit for intake 
of these isotopes by workers given by ICRP (1979). 
It is also observed from our results presented in Table 3 that the Radon 
content of toothpowders varies from 26.27 + 1.4 mBq/1 to 413.0 + 6.0 mBq/1. 
The Colgate toothpowder manufactured by Colgate Palmolive Ltd., Bombay 
has a minimum value of Radon content (26.27 + 1.4 mBq/1), whereas the 
Red toothpowder manufactured by Dabur Pvt. Ltd., Sahibabad (U.P.) con-
tains a maximum value (413.0 + 6.0 mBq/1). The higher value of Radon 
in Red toothpowder may be due to the presence of minerals extracted from 
the herbal plants which contains the traces of ""U. The Radon contents 
in the toothpowders are quite low and are not harmful for public. 
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SHORT COMMUNICATION 
THE INDOOR CONCENTRATION OF RADON AND ITS 
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Abstract—Long-term measurements of radon and its daughters in nineteen different rooms of a 
multistorey building in Aligarh having different types of environmental conditions have been performed. 
CR-39 solid state nuclear track detectors were used to measure the radon concentration. Variations of 
radon concentration due to height from ground level, ventilation conditions, convection air currents and 
materials placed inside were investigated. The highest value of radon has been found in the basement and 
the ground floor rooms which indicates the influence of subsoil emanation. No appreciable effect was 
observed with height above ground. Our study also reveals that ventilation conditions, convection air 
currents, housed materials such as books, papers, etc., affect the radon concentration. 
1. INTRODUCTION 
THE INHALATION of short-lived radon daughters in 
dwellings is one of the most important radiation risks 
io human beings. The UNSCEAR report on natural 
;^ources of radiation emphasizes that knowledge of 
{radiation levels in buildings is important in assessing 
^population exposure, because people spend most of 
*their time indoors. As observed earher (Wagoner et 
al., 1965; Sevc et al., 1976) exposure to high levels of 
i "^Rn and its radioactive daughters in mines leads to 
lung cancer. A survey in the United States (George 
i and Breslin, 1979) where the order of activity is 
O.SpCil' ' in homes, indicates that a few thousand 
' people die each year from lung cancer. It is widely 
• accepted that the primary effect is not due to ^^ ^Rn as 
'ich since inhaled ^^ ^Rn is mostly expelled, but from 
tie decay of alpha-active daughters of radon viz. 
'Po and ^'"'Po. These are attached to aerosols which 
an be lodged in the lungs when inhaled. 
Natural uranium ("*U) is present in the earth's 
rust with an average of 1-4 ppm (Evans, 1979) and 
aus found in most earthen building materials. Clay 
_ricks have been found to contain 1.4 ppm of radium 
whereas granite bricks have an average concentration 
of 2.4 ppm (Hamilton, 1971). As ^"Rn is a noble gas, 
it diffuses through the porous building materials and 
also through the subsoil under the building and is 
subsequently mixed with the air inside the room. 
Subsoil emanation is mainly responsible for the fact 
that the basement of a building contains a higher 
radon concentration than the rooms on other floors 
(Abu-Jarad and Fremlin, 1982; Fleischer et al., 1980), 
Poor ventilation enhances the build up of radon 
concentration in the rooms. It has been reported 
(Toth, 1972) that living in unventilated dwellings 
in Hungary caused an absorbed dose of about 
SOOmradyr'' to the bronchial epithelium and 
120mradyr"' to the lung as a whole. 
There is scanty and inconsistent information about 
the influence of subsoil emanation inside the rooms 
of different floors of multistorey buildings. The 
measurements of several workers (Pensko et al., 1969; 
Yeats et al., 1972; Abu-Jarad and Fremlin, 1982) 
show that there is no significant change in the concen-
trations of radon with height from the ground level, 
but that it depends upon the ventilation rate. Other 
work (Fleischer and Turner, 1984) shows a clear 
decrease with height in homes, and also that building 
materials (in the eastern U.S.) tend to be low in radon 
emanation. Toth (1972), without measuring the ven-
tilation rate, has observed that the concentration of 
radon daughters decreases with increasing distance 
from the ground level. This contradiction prompted 
us to perform more measurements in a multistorey 
building, in Aligarh (India). Recently available 
nuclear track detectors have become the most reliable 
technique for integrated and long term measurements 
of radon activity inside houses (Frank and Benton, 
1977; Fleischer et al., 1980; Alter and Fleischer, 1981; 
Abu-Jarad and Fremhn, 1984). 
2. EXPERIMENTAL PROCEDURE 
Before we started the actual measurements, the 
samples of CR-39 detector from one room were 
removed after different exposure times of up to 6 
months to observe the reproducibility and character-
istics of CR-39 detector. The alpha-track density was 
found to be a linear function with the time of 
exposure. 
The measurements were made in the Moulana 
Azad Library (seven storey building) of Aligarh 
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1. INTRODUCTION 
THE INHALATION of short-lived radon daughters in 
dwellings is one of the most important radiation risks 
(to human beings. The UNSCEAR report on natural 
'sources of radiation emphasizes that knowledge of 
J radiation levels in buildings is important in assessing 
ipopulation exposure, because people spend most of 
nheir time indoors. As observed earlier (Wagoner et 
at., 1965; Sevc et al., 1976) exposure to high levels of 
* ^^ R^n and its radioactive daughters in mines leads to 
, lung cancer. A survey in the United States (George 
i and Breslin, 1979) where the order of activity is 
? 0 . 8 p a r ' in homes, indicates that a few thousand 
people die each year from lung cancer. It is widely 
4 accepted that the primary effect is not due to ^^ R^n as 
'uch since inhaled ^^ R^n is mostly expelled, but from 
lie decay of alpha-active daughters of radon viz. 
'^*Po and '^"Po. These are attached to aerosols which 
can be lodged in the lungs when inhaled. 
Natural uranium (^ '*U) is present in the earth's 
crust with an average of 1-4 ppm (Evans, 1979) and 
thus found in most earthen building materials. Clay 
bricks have been found to contain 1.4 ppm of radium 
whereas granite bricks have an average concentration 
of 2.4 ppm (Hamilton, 1971). As ^"Rn is a noble gas, 
it diffuses through the porous building materials and 
also through the subsoil under the building and is 
subsequently mixed with the air inside the room. 
Subsoil emanation is mainly responsible for the fact 
that the basement of a building contains a higher 
radon concentration than the rooms on other floors 
(Abu-Jarad and Fremlin, 1982; Fleischer et al., 1980). 
Poor ventilation enhances the build up of radon 
concentration in the rooms. It has been reported 
(Toth, 1972) that living in unventilated dwellings 
in Hungary caused an absorbed dose of about 
SOOmradyr"' to the bronchial epithelium and 
120mradyr'' to the lung as a whole. 
There is scanty and inconsistent information about 
the influence of subsoil emanation inside the rooms 
of different floors of multistorey buildings. The 
measurements of several workers (Pensko et al., 1969; 
Yeats et al., 1972; Abu-Jarad and Fremlin, 1982) 
show that there is no significant change in the concen-
trations of radon with height from the ground level, 
but that it depends upon the ventilation rate. Other 
work (Fleischer and Turner, 1984) shows a clear 
decrease with height in homes, and also that building 
materials (in the eastern U.S.) tend to be low in radon 
emanation. Toth (1972), without measuring the ven-
tilation rate, has observed that the concentration of 
radon daughters decreases with increasing distance 
from the ground level. This contradiction prompted 
us to perform more measurements in a multistorey 
building, in Aligarh (India). Recently available 
nuclear track detectors have become the most reliable 
technique for integrated and long term measurements 
of radon activity inside houses (Frank and Benton, 
1977; Fleischer et al., 1980; Alter and Fleischer, 1981; 
Abu-Jarad and Fremlin, 1984). 
2. EXPERIMENTAL PROCEDURE 
Before we started the actual measurements, the 
samples of CR-39 detector from one room were 
removed after different exposure times of up to 6 
months to observe the reproducibiUty and character-
istics of CR-39 detector. The alpha-track density was 
found to be a hnear function with the time of 
exposure. 
The measurements were made in the Moulana 
Azad Library (seven storey building) of Aligarh 
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Muslim University. The purpose of the present work 
was to study the effect of the following on the 
concentration of radon and its daughters: 
(i) subsoil emanation; 
(ii) ventilation conditions; 
(iii) height from the ground levels; 
(iv) convection currents inside the rooms; 
(v) the alpha-activity of the books stored. 
For this purpose 38 pieces (2 cm x 2 cm) of CR-39 
plastic track detector were mounted in 19 different 
rooms on different floors of the library for a period 
of 6 months. CR-39 detectors are capable of detecting 
alpha-particles of all energies emitted from radon and 
its daughters. The alpha-particles produce damage in 
the detector and after suitable chemical etching this 
is made visible for counting, using an optical micro-
scope. An area of about 0.25 cm^ was scanned for 
each exposed detector. The number of tracks counted 
in this area for detectors exposed at various places 
were between 400 and 1700; from this the number of 
tracks per cm^ were determined. 
The bare plastic track detection technique (Alter 
and Fleischer, 1981; Frank and Benton, 1977; Wong 
et al, 1983) was used to fix the detectors. The bare 
plastic track detectors will be affected by the activity 
of ^^ R^n and its daughters (^ '*Po, '^"Po) near the 
surface of the detector and also by the plate-out of 
the radon daughters' activities on the surface of the 
detector. Although we tried to avoid the plate-out by 
discriminating against small tracks during counting, 
the uncertainty due to plate-out will arise in the 
values and thus the measured values will be approx-
imate but the systematic trends are likely to be 
meaningful. The exposed detectors were collected and 
then chemically etched simultaneously in a constant 
temperature bath in 6 N NaOH solution at 70°C for 
10 h. The counting of the alpha-tracks was done 
using an optical microscope with a magnification of 
x400. 
The exposures were carried out inside the rooms 
situated in the basement to the 7th floor of the 
building. Detectors were mounted at the entrance and 
farside of the rooms to observe the variation in radon 
concentration due to convection air currents. The 
rooms chosen at each floor except at the basement 
and ground floor were identical, i.e. having the same 
volume and on the same side of the building. In the 
basement of the building, the half close to the en-
trance is used as a canteen for the staflT members and 
the remaining half i.e. farside as a store. The detectors 
were mounted in both. The basement is separately 
situated from the main building and no room is built 
above it. On the ground floor, the detectors were 
mounted in different rooms such as the entrance hall, 
issue section, reading rooms and stack room. The 
entrance hall is properly ventilated whereas the read-
ing room (for postgraduate and research students) 
and stack room are poorly ventilated. The other 
reading room (for undergraduate students) and issue 
section are partially ventilated. 
On the 1st floor the detectors were mounted in the 
hall just above the entrance hall and in a room used 
to keep the manuscripts. The hall is used as a reading 
room and is partially ventilated whereas the manu-
scripts section is poorly ventilated. The rooms on the 
2nd to 6th floor are situated on the two sides of the 
elevator (east and west) and are used as library book 
stacks. These are poorly ventilated except the stack 
room (west) on the 5th floor and stack room (east) on 
the 6th floor which are partially ventilated. These 
sand dissertations are stored there. The room on the 
7th floor is non-ventilated and is used as a store for 
old newspapers and magazines, etc. 
The radon concentration per unit volume was 
calculated using the relation (Fleischer and Mogro-
Campero, 1978) 
l = KA (1) 
where / is the number of tracks per cm ,^ K is a. 
constant and A is the radon concentration per unit 
volume. 
3. RESULTS AND DISCUSSION 
The concentration of radon and its daughtei 
calculated by using equation (1) along with the deta 
of ventilation conditions are given in Table 1. Tl 
errors shown in the results are due to the countin 
statistics. Our results show that radon and its daugl 
ters' concentration, in general, is less at the entranc 
and higher at the farside of the rooms. This variatio; 
may be attributed to air turbulence and convectio 
currents inside the rooms, because the fresh air fron. 
the doors reduces the concentration of radon and it; 
daughters in the area close to the door. The radoi 
concentration in the basement of the building was 
found to be the highest among all the rooms. Tb^  
shows that the soil is the main source of the rada% ,^ 
emanation to the inside air of the basement. In 
addition to the subsoil emanation, poor ventilation 
might also have contributed towards the enhanced 
activity as observed by earlier workers (Toth, 1972; 
Stranden et al, 1979). 
The rooms on the ground floor show more radon 
activity than on the other floors, although the ground 
floor rooms have better ventilation. The increased 
activity may again be attributed mainly to subsoil 
emanation. The lower concentration on the 1st and 
2nd floor rooms of the building as compared to that 
on the ground floor rooms indicates that there is no 
appreciable effect due to subsoil emanation in the 
rooms above the ground floor. The concentration of 
radon and its daughters is somewhat higher on the 
3rd-6th floor rooms, the reason for which may be the 
poor ventilation and alpha-activity due to a large 
number of books (Laht and Shukla, 1984) housed 
there. 
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Further, the concentration of radon and its daugh-
ters in the stack room (west) on the 6th floor is less 
than that in the corresponding rooms on other sides 
of the same floor. The reason for this is again the 
ventilation, as these two rooms are used as reading 
and reference rooms for consulting the theses, etc. by 
the research workers and thus their windows remain 
open when in use. 
There is a sUght increase in radon activity in the 
rooms on the 7th floor as compared to similar rooms 
on other floors (except the ground floor, where 
subsoil emanation adds to the radon activity). 
This may be due to non-ventilation and the housed 
material (old magazines and newspapers). 
4. CONCLUSION 
It is obvious from our results that the radon 
activity depends on subsoil emanation, ventilation 
and the nature of the housed materials. There seems 
to be no clear indication of appreciable variation in 
radon concentration with height from ground level. 
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Abstract: This article presents the experimental procedure followed for the calibration of CR-39 
nuclear track detectors used for the purpose of indoor radon measurements. The detectors were 
exposed to known concentrations of radon and daughters in a chamber in the presence of aerosols 
of O.t/Mm AMAD. The exposure was done in two modes for measuring the radon concentration and 
the potential alpha exposure levels. The calibration factors obtained are 0.18 T cm-2 d-1 per Bq m^' 
for radon and 1.63 x 103 T cm-2 d-1 per WL. 
INTRODUCTION 
Inhalation of Rn and its daughters can 
cause a significant health hazard when 
they are present in enhanced levels in en-
closed indoor environments like a human 
dwelling if it is poorly ventilated and if the 
Rn input from the soil or the building 
materials is high. Hence the measurement 
of indoor levels of Rn and its progeny 
has attained importance in recent times. 
Among the different methods available for 
Rn measurement, the application of solid 
state nuclear track detector (SSNTD) is 
the most widely used technique as a passive 
time integrated method of measuring Rn 
and its progeny. The present work is the 
experimental procedure employed for cali-
brating the CR-39 detector for measuring 
Rn and its progeny concentration, which 
is sensitive to energy up to 20 MeV com-
pared to the other commonly used detector 
LR-115 which is sensitive up to 3.5 MeV. 
EXPERIMENTAL 
The technique used in the present work 
consists of exposing small strips of CR-39 
films of 2 X 2 cm (Pershore Moulding, U.K., 
of 300 fjim thickness) to known concentra-
tions of Rn and daughters in two modes, 
viz.. Bare and Cup with Membrane. The 
tracks formed on the detectors as a result of 
radiation damage caused by the alphas 
emanating from Rn and daughters were 
then enhanced by chemical etching and 
were microscopically counted to correlate 
with the Rn concentration. The Bare 
configuration consists of a film mounted on 
a paper card and hung in a chamber such 
that it views a hemisphere of air of radius 
comparable to the range of alphas from 
-"Po. This configuration measures Rn 
and its progeny, and is sensitive to plate 
out only with respect to daughters plating 
out directly on the detector and is calibra-
ted to estimate the potential alpha energy 
exposure in terms of WL. 
Membrane with cup configuration con-
sists of the detector fixed inside a plastic 
cup of 9.5 cm height, 7 cm dia at the mouth 
and 5.5 cm dia at the bottom. The mouth 
of the cup is covered with a semipermeable 
membrane (GEC MEM-213). The mem-
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brane slows down the normal diifusion of 
noble gases into the cup and helps to 
descriminate ^SSR^ against -^ ORH (Rama-
chandran et ul, 1987). The membrane 
permits about 60-70% of Rn into the cup. 
This configuration is calibrated to measure 
Rn concentration in terms of Bq m-^. 
The experimental system consists of an 
exposure chamber, an aerosol generator, 
a Rn gas generator, chemical etching equip-
ments and microscope, conventional filter 
paper sampler and an alpha counting unit. 
Fig. 1 gives the block diagram of the ex-
perimental set up. The exposure chamber 
is a wooden box of 0.5 m^ capacity having 
a couple of inlets for introducing filtered 
air, aerosol and Rn gas and two outlets for 
taking samples and for discharging the 
contents at the end of the experiment. 
There is an air-tight window for introducing 
and removing the detectors. 
The aerosol generator used was a Singlair-
LaMer type condensation aerosol generator 
(Subba Ramu, 1978). This gives a laminar 
flow of monodisperse aerosols of di-2-ethyl 
sebacate condensed on NaCl nuclei. Tem-
perature settings of the re-heater and the 
boiler of the generator were adjusted in 
such a way so as to obtain monodisperse 
aerosols of 0.1 ^m size. The outlet from 
the generator was connected to one of the 
inlets of the chamber and provisions were 
also made for diluting the aerosol stream 
with filtered air. Samples could be taken 
out from the chamber for measuring the 
aerosol concentration in it, which was 
measured by using a Rich type small particle 
counter, 
Rn source used was a solution of 1.85 x 
10" Bq of 226Ra in the form of radium 
nitrate, in 150 ml of I.O N HNO3 kept in a 
conical flask. Rn emanating from this 
solution was carried into the exposure 
chamber using N^ as carrier gas. A set of 
preliminary standardisation experiments 
were carried out to optimise the flow rate 
and duration of flow for obtaining specific 
( i ) STIRRER (2) TEMPeRAlURE CONTROLS 
(3) ADJUSTABLE THERMOSTATS 
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(8)RA00N SOURCE ® AEROSOL FREE AIR 
E^ "^  
1 ± :snL 
^ 
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TRACK 
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RADON DAU6HTER AEROSOL 
CHAMBER 
Fig. 1 : The experimental set up. 
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TABLE I 
CALIBRATION FACTORS FOR EXPOSURE IN CUP WITH MEMBRANE FOR 
RADON MEASUREMENT 
Rti cone. 
( Bq m—3 ) 
Exposure 
period 
(Hr) 
Track Calibration 
density factor 
(T cm-2 d- l ) (T cm-2 d - l /Bq m-3) 
250.5 
290.1 
353.,3 
321.5 
484.7 
1069.2 
1553.8 
2008.9 
2549.0 
20.25 
68.75 
68-33 
20.58 
20.17 
20.33 
20.25 
20.50 
20.33 
50.96 
57,25 
68.84 
67.64 
90.43 
188,88 
256.0 
288.0 
399.02 
0.20 
0.20 
0.20 
0.21 
0,19 
0.18 
0.17 
0.14 
0.16 
Mean calibration factor : 0.18 T cm—2 d—i/Bq m —3 
Standard deviation : 0.023 
Relative standard deviation : 12.8% 
Linear correlation coeflScient between the Rn cone, and the track density : 0.996 
Fig. 3 gives the relationship between the 
track density on the bare detector and the 
WL concentration and Table 2 gives the 
corresponding calibration factors. The 
WL varied from 0.042 to 0.512 WL and the 
corresponding calibration factor varied from 
1.15 to 2.21 X 10* T cm-2 d-^  per WL. The 
mean value is 1.63 x 10^^3.92 x 10^  T 
cm-^ d-^  per WL for the bare exposure. 
The present calibration factor for Rn mea-
surement using the cup mode exposure is 
in good agreement with other reported 
values (Urban, 1986; Frank & Benton, 
1981). However, there is no reported value 
for the conversion factor for the WL mea-
surement. 
Fig. 3 : Relationship between the worldng level and 
the track density on the detector in bare 
mode. 
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concentration of Rn in the chamber. The 
detector films were exposed to Rn and its 
daughter concentrations in the chamber by 
hanging them on a line inside the chamber 
for a known period of time. 
The Rn daughter activity level was esti-
mated by collecting filter samples from the 
chamber. This was obtained by sucking 
air from the chamber through a 2.5 cm dia 
Millipore filter paper (type AA) using a 
vacuum pump at 10 1pm for 5 min and 
then following the alpha decay counts of 
the sample using an alpha counting unit 
for 90 min with periodic intervals. From 
the alpha counts both Rn and WL concen-
trations were estimated with the help of a 
computer program (Rangarajan & Datta, 
1976). The concentration of Rn gas was 
also measured by collecting a sample of 
filtered gas from the exposure chamber 
in an evacuated aluminium chamber of 5 1 
capacity and collecting the daughters formed 
inside tiie chamber on a negatively charged 
aluminium plate and subsequently counting 
the activity collected on the plate 
(Srivastava, 1983). 
PROCEDURE 
The procedure of the experiment was as 
follows. Initially the exposure chamber 
was flushed with filtered air to remove any 
trace of residues from an earlier experi-
ment. Then the chamber was filled with 
fresh aerosols from the generator along with 
filtered air, A concentration of 1.5 x 10^  
cm-^ was maintained throughout for these 
experiments. A small fan was used inside 
the chamber to provide uniform mixing. 
Rn gas was then introduced into the 
chamber by passing filtered N3 gas over 
the surface of the solution in the Rn flask 
to the exposure chamber at 1 1pm for a 
known period of time. The time was 
decided by tiie quantity of Rn required in 
the exposure chamber. Subsequently the 
detector films in the bare and cup with 
membrane modes were introduced into 
the chamber. The films were exposed 
for a period of a few hours to a few days 
depending on the Rn concentration such 
that a statistically valid number of tracks 
could be obtained on the films. The 
filter samples were collected at regular 
intervals during an experiment and mean 
activity concentration was obtained. Re-
lative humidity and temperature were 80 % 
and 25 °C respectively and was maintained 
throughout the experiment. After the ex-
posure the detectors were chemically etched 
in an alkali solution of 6.0 N NaOH at a 
constant temperature of 70° C for 12 hr 
and were counted on an optical microscope. 
RESULTS AND DISCUSSION 
The experiments were repeated by varying 
the Rn concentration and the relationship 
between the track density and the Rn as 
well as WL concentrations was estimated. 
Fig. 2 gives the variation of track density 
observed on the films exposed in the cup 
mode against Rn concentration, and Table 1 
gives the corresponding calibration factors 
obtained. The Rn concentration varied 
from 250.5 to 2549.0 Bq m-^ and the cor-
responding calibration factor varied from 
0.14 to 0.21 T cm-2 d-^  per Bq m-\ The 
mean calibration factor is 0.18-1-0.023 T 
cm-^ d-' per Bq nr^ of Rn for the exposure 
in the cup with membrane mode. 
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TABLE 2 
CALIBRATION FACTORS FOR EXPOSURE IN BARE MODE FOR WL 
MEASUREMENT 
Pot. energy 
exposure 
(WL) 
0.042 
0.055 
0.058 
0.062 
0.111 
0.191 
0 J 9 9 
0.494 
0.512 
Exposure 
period 
(Hr) 
20-58 
68.33 
20-25 
68-75 
20-17 
20-33 
20-25 
20-33 
20-50 
Track 
density 
(Tcm-2 d - l ) 
89-80 
121-53 
92-44 
108-22 
166-58 
354-16 
502-52 
566-65 
614-63 
Calibration 
factor 
Crcm-2 d - i / W L ) 
2-14 X 
2-21 X 
1-59 X 
1-75 X 
1-50 X 
1-85 X 
1-26 X 
1-15 X 
1.20 X 
103 
103 
10' 
10^ 
10^ 
103 
103 
10^ 
103 
Mean calibration factor : 1.63 x 10* T cm—2 d—\ / WL 
Standard deviation : 3.92 x 10-
Relative standard deviation : 24.1 % 
Linear correlation coefficient between WL and the track density : 0.987 
Small strips of these detectors were used 
for monitoring Rn progeny concentration 
in some A/C rooms, and residential and 
nonresidential buildings. The detectors 
were exposed in the bare mode. This was 
done by placing the bare detector cards at 
a height of about 2 m from the ground and 
at least 1 m away from the ceiling and the 
walls. They were exposed for a period of 
six months. They were then etched and 
the tracks were scanned. Some of the 
typical preliminary results are given in 
Table 3. 
CONCLUSIONS 
The present set of controlled experiments 
has enabled us to obtain reliable calibra-
tion factors for using CR-39 detectors to 
measure indoor Rn and daughter levels. 
Even though the Rn concentrations used 
here are higher than ambient levels, the 
linear relationship between the Rn con-
centration and the track density makes it 
possible to use the calibration factor for 
lower levels also. The bare mode of ex-
posure has been effectively used to obtain 
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potential alpha energy exposure levels and 
the presence of submicron aerosols has 
been useful in simulating natural conditions 
in a dwelling. The few preliminary measu-
rements reported here have demonstrated 
the applicability of the calibration factors 
obtained. The bare and cup with membrane 
modes of exposure of CR-39 have given 
calibration factors of 0.18 T cm-^ d-^  per 
Bq m-« of Rn and 1.63 x 10» T cm-^ d-^ 
per WL of Rn daughter potential energy 
exposure. 
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TABLE 3 
MEASURED POTENTIAL ALPHA 
ENERGY EXPOSURE LEVELS IN 
SOME ROOMS AND DWELLINGS 
Location 
A/C rooms 
(a) 
(b) 
(c) 
(d) 
fe) 
(0 
Residential buildings 
(a) 
(b) 
(c) 
(d) 
(e) 
(f) 
Track 
density 
(cm-2) 
3004 
1586 
1716 
2089 
1679 
1492 
4820 
3672 
4590 
4360 
5049 
2754 
Non-residential buildings 
(a) 
(b) 
(c) 
5318 
6885 
8950 
mWL 
10.2 
5.4 
5.8 
7.1 
5.7 
5.1 
16.4 
12.5 
15.6 
14.9 
17.2 
9.4 
18.1 
23.5 
30.5 
All exposures for a period of 180 days, 
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The concentrations of radon and its daughters in rooms having 
different enviroiunental conditions are measured using CR-.''9 
nuclear track detector. It has been found that the radon concen-
tration inside the rooms depends on ventilation, sub-soil emana-
tion and the housed materials. The use of internal waM-coverings 
such as plaster, distemper and white washing may reduce the rad-
on emanation inside the rooms. The use of paints on walls is the 
best for reducing the radon concentration inside the rooms. 
Uranium present in soil and rocks is the source of 
radon emanation inside the buildings. Radon and its 
daughters ( '^*Po, ^ '^'Pb) are, therefore, present every-
where in our environment. An increase of radioac-
tive gas concentration in the indoor atmosphere is 
one of the important problems, as human being re-
ceive natural irradiation by breathing the ^^ ^Rn and 
its decay products present in air. Radon concentra-
tion (RC) builds up inside the houses due to emana-
tion from soil and walls and mainly depends on the 
porosity of the building materials used in the con-
struction of walls, floor and ceiling. In some circum-
stances water supplies and even natural gas contri-
bute towards it. There are some other factors which 
affect the RC inside the dwellings such as ventilation 
rate''^ and height from ground leveP, etc. If the rad-
on decay products are ingested or inhaled, they are 
deposited in the lungs and can cause lung cancer as 
observed in uranium miners'*. Permissible dose of 
radon emission from building materials has been es-
timated to be 1 rem (10 " ^  Sv) per year^. 
In the present study, the authors have measured 
the concentration of radon and its daughters in 
rooms constructed from almost the same type of 
building materials to determine the effect of ventila-
tion, sub-soil emanation and housed materials on 
RC inside the rooms. The effect of internal wall 
coverings such as plaster, paint and distemper, etc. 
on radon emanation is also investigated. 
Experimental details—CR-39 solid state nuclear 
track detector which is sensitive to all alpha energies 
emitted from radon and its daughter products was 
used. The performance of this type of detector was 
found to be quite satisfactory under various environ-
mental fconditions. Sheets of CR-39 plastics with a 
thickness of 300 jim were cut into small square 
shaped pieces of size 2 cm x 2 cm and mounted for a 
period of one month inside the rooms. In our mea-
surements, the BARE plastic track detection tech-
nique -^^  was used in which the bare detector was 
mounted on a card such that it viewed a hemisphere 
of air of radius at least 6.9 cm, the range of alpha par-
ticles from ^'''Po. The bare detector measured radon 
and its decay products and was sensitive to the 
daughters plating out directly on the detector. 
The plastic detectors were collected after expo-
sure and then chemically etched simultaneously in 
6N NaOH at 70°C for 10 hr in a constant tempera-
ture bath. The alpha particle tracks were counted us-
ing an optical microscope with a magnification of 
400 X. 
Calibration of rfefector—Calibration* of the CR-
39 plastic detector in BARE mode was done at the 
Air Monitoring Section, Bhabha Atomic Research 
Centre (BARC), Bombay. Nine experiments with 
different known RCs and exposure times were per-
formed. For each experiment, three pieces of detec-
tor were exposed in a cubical wooden box of 50 m^ 
capacity to find the mean track density. The radon 
source was a solution of 5 \iCi of ^^ *Ra in the form of 
radium nitrate. Before passing the radon in the 
chamber, the aerosols were introduced in the cham-
ber. The density of aerosols was measured by a Rich 
small particle counter. Radon emanating from the 
solution was carried by a flow of nitrogen gas passing 
above the solution into the chamber. The concentr-
ations of radon and its daughters inside the box were 
measured by drawing a known volume of air from 
the chamber by a vacuum pump on a filter at the be-
ginning and at the end of the exposure. These filter 
samples were counted for alpha activity using an alp-
ha counter. After completing the exposure, the de-
tectors were etched in 6N NaOH solution at 70°C 
for 12 hr. The damaged tracks of alpha particles 
were counted using an optical microscope. The mea-
sured caUbration constant was found to be 12.75 
tracks cm~^ d ' ' per pCil"' with 6.3% of relative 
standard deviation. 
Method of calculation—The radon and its daugh-
ter concentrations were calculated using the rela-
tion' 
P = K.^ . . . (1) 
where p is the number of tracks per cm^ per unit of 
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time, K the calibration constant and A is the average 
RCs. 
Results and discussion—Ei^t rooms constructed 
from same type of building materials but having dif-
ferent indoor environmental conditions were select-
ed for measurement of radon and its daughter con-
centrations. These include a living room of a stu-
dent's hostel, a cellar, a research laboratory, a radi-
oactive source room, two stack rooms of book bank 
and seminar library and their reading rooms. The 
aim of the present study is to investigate the effect of 
sub-soil emanation, ventilation, the materials 
housed inside the rooms and the radioactivity of 
books. The results are presented in Table 1. The 
highest value 8.2 ± 0.6 pCi/1 of radon concentration 
was found in the radioactive source room which is 
due to various sources (neutron sources: Sb-Be and 
Ra-Be; a-particle sources: radiiun, uranium, ameri-
cium and gamma sources: ^°Co, ^^'Cs, ^°^flg, etc.) 
placed inside it and the non-ventilation of the room. 
The lowest value of 1.5 ± 0.18 pCi/1 was found in the 
living room being due to proper ventilation. The 
higher value of RC in the cellar may be attributed to 
the sub-soil emanation. The stack rooms of book 
bank and seminar library showed higher RCs as 
compared to data in corresponding reading rooms. 
Table 1 -
Room 
Living room 
Research 
laboratory 
Cellar 
Seminar library 
Reading room 
Book bank 
Reading room 
Radioactive 
source room 
Radon Concentrations Inside Rooms 
No. of 
detectors 
mounted 
6 
6 
6 
6 
5 
6 
6 
6 
Ventilation conditions Mean Rn 
Properly ventilated 
Partially ventilated 
Non-ventilated 
Poorly ventilated 
Partially ventilated 
Poorly ventilated 
Partially ventilated 
Non-ventilated 
concentra-
tion (pCi/1) 
1.5 ±0.18 
1.7 ±0.16 
2.7 ±0.23 
6.2 ±0.53 
2.5 ±0.2 
6.5 ±0.5 
2.3 ±0.2 
8.2 ±0.6 
Table 2—Radon Em£ttiation Rate in Building Materials 
Sample used 
Bare brick 
Plastered brick 
No. of 
samples 
examined 
4 
4 
Plastered brick with white wash-
ing 
Plastered brick 
distemper 
4 
with ordinary 
4 
Plastered brick with oil distem-
per 
Plastered brick with paint 
6 
6 
Rn emanation 
rate 
(Cm^hr-') 
4.8 ±0.4 
3.1 ±0.3 
1.5 ±0.2 
0.8 ±0.2 
1.0 ±0.2 
0.4 ±0.1 
The paper'" contains the traces of naturally occurr-
ing radionuclides from the primordial series of U, 
Th and K and most of the papers samples have the 
long-lived radioisotopes "*Ra, "*Th and " % con-
tributing towards the RC. At the same time, the stack 
rooms are also not properly ventilated. The proper 
ventilation may reduce some of the RC. The reading 
rooms, being properly ventilated and having no 
books should show lesser RC. 
To observe the effect of wall coverings on the rad-
on emanation, the radon emanation rates were mea-
sured by can technique' from bare bricks, plastered 
bricks and the plastered bricks coated with different 
materials. In this method, a small passive plastic de-
tector was placed in a small impervious vessel which 
was sealed by plasticin to individual brick. The can 
dimensions were 4.5 cm in height and 7.0 cm in di-
ameter. The area of the brick covered by the can 
was38 cm .^ In each 'can' the plastic detector was 
kept at a distance of 2 mm away from the brick sur-
face. The detector was freely exposed to the emer-
gent radon so that it could record the decay of radon 
in the whole volume of the can and that of '^*Po and 
^"Pb deposited on the inner walls. This system was 
left for one month, after which the plastic detector 
was taken out, etched and the number of tracks 
counted. The results are presented in Table 2. The 
plastering with cement and sand reduces the radon 
emanation inside the air of the room up to some ext-
ent. Further coating of the plastered bricks by dis-
temper or paint reduces the radon emanation appre-
ciably. The paint coated brick emanates minimum 
radon, perhaps due to closing of more number of 
pores. 
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